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With the increase of the spans in the last decades, new concepts of projects and perceptions
about bridges around the world have imposed the need of the development of new design
techniques. Aerodynamic instabilities, which were not being of concern not long time ago,
started to demand special care during all phases of the projects. Among them, coupled-
flutter instability has gained remarkable importance, due to its catastrophic consequences
and impacts on the safety of the structure.
Concerning coupled-flutter, aerodynamic derivatives have been regarded as fundamental
components for the assessment of the stability of long-span bridges, resulting in that the focus
during the proposition of the bridge deck geometry has been put essentially on the control
of those empirical indices. The relationships between bridge deck geometric characteristics
and the values assumed by those indices are recognized to be non-linear and straightforward
approaches for their prompt evaluation are still not available. Because of that, trial and
error experimental techniques based on wind tunnel tests have been regarded as main tools
in the search of geometric configurations of bridge decks that satisfy the flutter stability
requirements from the aerodynamic derivatives point of view.
Since aerodynamic derivatives are resultant from the unsteady pressure characteris-
tics developed along the bridge deck, it must be more rational to search for relationships
between deck geometry and flutter stabilization from the unsteady pressure characteristics
point of view. However, the complex geometric characteristics associated to modern long-
span bridges may impose difficulties on the pressure measurements in wind tunnel tests, be-
coming counter-productive. So, the direct evaluation of the aerodynamic derivatives through
alternative methods has been preferred in wind tunnel tests.
In this research, the impacts of the deck geometric characteristics on the aerodynamic
iv
derivatives and, consequently, on flutter stabilization are assessed from the unsteady pressure
characteristics point of view. Rectangular cross-sections arranged in single box and two-
box configurations are used as base geometries and the influences of different geometric
singularities (geometric modifications as leading edges, vertical plates and slots) on the
unsteady pressure characteristics of those cylinders are systematized through the proposition
of semi-empirical formulations. The knowledge generated herein may serve as a base for
the development of a design framework based on the direct manipulation of the unsteady
pressure characteristics of the deck through the use of geometric singularities, aiming the
flutter stabilization by controlling indirectly the aerodynamic derivatives. Such a framework
is to be used in substitution of some stages of wind tunnel test campaigns, and its feasibility
is evaluated along the study.
It was concluded that the relationships of geometric singularities with the unsteady
pressure characteristics are much more linear and predictable than their relationships with
the aerodynamic derivatives, opening a new methodology for the proposition of geometric
improvements. Data regarding the geometries studied herein are also provided along the
study, as reference for future development.
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Bridges have been used by humankind since before the 2nd century AD, when the Alcone´tar
Bridge, probably the oldest surviving stone segmental arch bridge in the world nowadays,
was built. Since then, the technology regarding materials and structural engineering as
well as the usage bridges have been meant to - pedestrian, carriages, cars, trucks, trains -
evolved. Associated to the greed for even longer and wider structures, these factors pushed
the dimensions of bridges to limits never imagined by Apollodorus of Damascus - the architect
who designed Alcone´tar Bridge.
This evolution had a setback in November 7th, 1940, with the tragic and famous episode
of the old Tacoma Narrows Bridge failure (Fig.1.1). The third longest suspension bridge in
the world at that time got its 853m long main span destroyed only four months after its
completion, due to a divergent torsional flutter instability [9] caused by winds of about
19m/s. By that time, only techniques based on the deflection theory were being used [10]
and, as a consequence, the dynamic effects of the wind were not being properly considered in
structures design. That fact started a new era for the Wind Engineering in the construction
industry, becoming the most remarkable example of this kind of divergent instability.
Since then, much more attention has been paid to avoid the occurrence of aerodynamic
instabilities in bridges, and the fundaments set by researchers as Theodorsen, Ka`rma`n and
Sears in 1930s and 1940s in the aeronautic field, motivated by the increase of the speed
of the aircrafts, have been important components for the knowledge attained in the Bridge
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(a) Torsional oscillation (b) Failure
Figure 1.1: Old Tacoma Narrows Bridge failure, November 1940
Engineering nowadays.
With the increase of the spans along the last century, torsional and heaving natural
frequencies of bridges have decreased [11, 12] and gotten closer and closer [12, 13], making
room for the arising of 2-DOF (degree of freedom) coupled flutter instability, instead of the
more common 1-DOF torsional flutter [14]. Configurations of bridge decks that used to be
suitable for a certain range of spans started to present instability for longer spans. This
led to the necessity of new cross-sections, more stable against aerodynamic instabilities,
bringing new challenges for designers and researchers. Also, the need for more aesthetical
and comfortable solutions, with reduced environmental impacts, has become an important
issue.
In this scenario, two-box girders have fulfilled the stability requirements for modern
long span bridges in the world. The characteristics of the gap between girders (grating,
length, appendages) are recognized to play a major role in the definition of the aerodynamic
derivatives of the whole deck, being an important factor for the aerodynamic stability of
such a kind of structure [15, 16, 17, 18]. However, future development demands even more
stable cross-sections, which led to the introduction of solutions like hybrid types (cable-stayed
suspension bridges), multi-box girders (Messina Straits Bridge) and even concepts such as
Equivalent Aerodynamic Derivatives [19], with the combination of different cross-sections
along the span [18].
In this context, this study attempts to bring contributions for the expansion of the
knowledge frontiers regarding the design of long-span bridges considering the influences of
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the wind. The focus is put on the relationships between geometry of the bridge decks and
their unsteady pressure characteristics, tracing the consequent relations of that with the
stabilization of flutter instability.
1.1 Motivation
The design of modern bridges has evolved greatly during the latter decades, and constrictions
that did not exist not long time ago have become important components for the decision
making process in all stages of the projects nowadays. The focus of the first phases of the
bridge design has been changed gradually from structural and economical to conceptual
issues, as aesthetics and environmental impacts. Consequently, after the first propositions of
geometry, not always based on structural and stability requirements, improvements should
still be done in order to make the structure stable, safe and technically feasible.
These improvements have been decided through both wind tunnel experiments and
Computational Fluid Dynamics (CFD) simulations, in a trial and error iterative basis, in
which geometric modifications are proposed and the resulting stability level of the structure
is evaluated. Of course, this trial and error system is based on accumulated experiences that
guide the proposition of the geometric modifications; however, it is still a trial and error
approach that sounds dissonant with the technology status attained nowadays, incurring in
costs for the projects and stretching the time needed for the final results.
Concerning flutter stability assessment, wind tunnel tests campaigns are basically di-
vided into two test stages: one with sectional models and other with full bridge aeroelastic
models. During the first stage, the aerodynamic empirical coefficients used in the evalua-
tion of the flutter stability, i.e. aerodynamic derivatives, are extracted through some system
identification method. So the flutter onset velocity of the proposed cross-section is evalu-
ated and through the implementation of geometric improvements the process is repeated
until the safety requirements are satisfied. In a second moment, after a stable cross-section
is obtained, the overall behavior of the bridge is fine tuned through tests with full bridge
aeroelastic models.
The final cost of the project is directly related to these investigations, which depend
highly on the ability of the designers in the proposition of better candidate geometries.
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Abbreviations in this phase are of great value, bringing contributions to the agility of the
process and to cost reduction, resulting directly in the improvement of the overall quality of
the final project.
Because of technical difficulties and limitations of cost and time, generally the wind tun-
nel investigations do not include pressure distribution measurements. Usually, the focus has
been put directly on the effects of the deck geometry on the values of the aerodynamic deriva-
tives, and finally on their relationships with the flutter stability. It is well known, however,
that these relationships present a non-linear behavior that can not be easily systematized in
a closed set of equations, resulting in that some strategies and geometric combinations that
bring benefits for one kind of basic cross-section, in terms of aerodynamic derivatives, may
not work fine for other geometries. So the pros and cons of the geometric improvements have
been related to each specific cross-section. As a consequence of that, a complete generaliza-
tion has not been possible even nowadays and a high degree of complexity and uncertainty
is still present in the cross-section optimization phase of the projects.
Since the relationships between aerodynamic derivatives and flutter stability itself have
been extensively discussed in the technical literature and values of aerodynamic derivatives
that lead to flutter proof cross-sections can be delineated, the author felt motivated to
work on a step before, i.e. on the understanding of how geometric configurations of cross-
sections are related to the flutter stability, through their influences on the unsteady pressure
characteristics along the bridge deck.
With a better understanding of these relationships, a more agile evaluation of the
impacts of a given geometric improvement on the unsteady pressure characteristics during
the optimization stage of a bridge deck design can be obtained. So the bridge deck designers
can be provided with a more rational way for estimating the aerodynamic derivatives of some
proposed geometry, reducing a priori the number of cases to be investigated through wind
tunnel tests. Thus, it would be possible to judiciously decide about the geometry during
the fine tuning of the cross-section, by considering directly the impacts of the geometric
modifications on the unsteady pressures distribution of the deck.
Based on that, the author proposes a fine tuning process based on the direct manip-
ulation of the unsteady pressure characteristics along the bridge deck through the use of
geometric singularities (geometric discontinuities as separation points, gaps and gratings)
instead of focusing directly on the aerodynamic derivatives, as it is commonly done. In
order to accomplish that, a systematization of equations to be used in the estimation of
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the unsteady pressure distributions along bridge decks and investigations on the impacts of
individual geometric singularities on these equations should be conducted.
With such a framework, designers would be able to, in a deterministic fashion, propose
modifications in the deck geometry towards the composition of appropriate unsteady pres-
sure characteristics, convenient for flutter stabilization, without the necessity of doing that
directly in wind tunnel experiments. By doing so, wind tunnel tests can be reserved to more
advanced stages of the design process and the trial and error process can be abbreviated so
that the optimization stage can be shortened.
1.2 Objectives
This research is inserted in a context in which the feasibility of a bridge deck design framework
based on the manipulation of the unsteady pressure characteristics along the bridge deck,
through the use of geometric singularities and from a flutter stabilization point of view, is
assessed.
The complete development of such a framework in a generic format is a very complex
task, which demands a huge effort. So the main contribution of the present thesis will be
restricted to the deepening of the understanding of the relationships between geometry and
unsteady pressure characteristics along the bride deck, as part of the proof of concept of the
whole proposition.
Through a case study-like approach using rectangular cylinders as base geometries,
formulations that describe the interactions and the impacts of the geometry of the deck
on its inherent unsteady pressure characteristics will be investigated through wind tunnel
experiments. Initially, equations based on empirical coefficients will be proposed. However,
considerations about the aerodynamic fundaments behind the proposed equations and em-
pirical coefficients should be discussed from the fluid mechanics point of view, providing hints
for the development of analytical solutions, so that they can be extended to cover generic
cross-sections, as bridge decks, in future works.
The main results will include the evaluation of the unsteady pressure characteristics
appropriate for flutter stabilization, proposition of methods to be used in the estimation of
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the unsteady pressure characteristics of generic cross-sections and identification of strategies
to judiciously impose modifications on them.
The use of geometric singularities will be introduced as a resource to be used in the
manipulation of the unsteady pressure characteristics along the deck, with the objective of
leading them to assume configurations decided in advance. The singularities planned to be
investigated include vertical plates and slots, in a manner that the effects of blockages, flow
separation points and also the aerodynamic interferences caused by the gaps on the unsteady
pressure characteristics can be addressed, focusing on how to use them in advantage for
flutter stabilization. The effects of slotting (gaps and gratings) will be included due to the
increasing demand for two-box girders in modern bridges.
The choice for rectangular cross-sections was made to take advantage of the infinitude of
data available in the literature regarding this geometry. The conclusions of this work should
be understood as a base to be extended towards a generalization to include any geometry of
cross-section, in the definition of a rational framework to be used by bridge decks designers
in the fine tuning of the geometry of the deck during the geometric conception phase, aiming
the stabilization against flutter. This research is not intended to be a conclusive work about
the theme, but a proposition of strategies which should be kept under investigation so that
the precise control of aerodynamic instabilities in bridge decks through the manipulation of
their geometric characteristics can be obtained.
1.3 Organization
In the present chapter the scope of this thesis is introduced. The background information
about the subjects addressed herein will be provided in the next chapter, and these two
chapters compound the introductory part of the thesis.
In Chapter 3 the flutter stabilization is studied from an unsteady pressure characteris-
tics point of view, so that conditions for its maintenance are provided, through the proposi-
tion of optimal configurations of unsteady pressure characteristics, namely optimal unsteady
pressure characteristics. Chapter 4 provides considerations about unsteady pressure char-
acteristics of rectangular cross-sections, with the proposition of mathematical relationships
between geometry and these characteristics. So the use of geometric singularities with the
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objective of attaining a fine tuning of the unsteady pressure characteristics in bridge decks
is introduced in Chapter 5, with the use of vertical plates, and in Chapter 6, by address-
ing the case of two-box cross-sections and the effects of the gap on their unsteady pressure
characteristics.





Along the last two centuries, longer spans had been an exclusivity of suspension bridges,
which dominated the scenario of long span bridges in the world. Since Brooklyn Bridge,
completed in 1883 in New York with a main span of 486m and considered a starting point
for the modern suspension bridges construction industry, the limits have been stretched
resulting in that the current longest span surpass over 4 times that first mark. Akashi
Kaikyo Bridge in Japan was completed in 1998 and exhibits a main span of 1991m, the
longest in the world. However, it is already planned to be beaten with the projects of
Messina Straits Bridge in Italy (with a main span of 3300m) and Gibraltar Straits Bridge,
which will connect Morocco and Spain (with a main span of 5000m).
Nevertheless, with the advances of the technology regarding materials, design and
aerodynamics, cable-stayed bridges were also introduced to the world, with the completion
of the Stro¨msund bridge in Sweden in 1955, with a main span of 183m. This type of bridge
has also evolved and after 1990 records have been successively broken. With Normandie
Bridge in France, completed in 1994 (856m), and Tatara Bridge in Japan, in 1998 (890m),
cable-stayed bridges have entered in the domain of long spans bridges [20]. These marks
have been broken in 2008 with the completion of Sutong Bridge in China, whose main span
is 1088m, surpassing the Stonecutters Bridge in Hong Kong (under construction when this
thesis was being written), which is planned to have a main span of 1018m.
This development has been attained necessarily through the reduction of the weight of
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the structures, associated to geometric and structural improvements. Also, an optimization
of the use of the cables has been made necessary, since they are responsible for large part of
the total weight and the aerodynamic loads of cable supported bridges.
For the deck, cable-stayed bridges have widely adopted box girders, while truss-girders
have been used in suspension bridges [21]. However, the increase of spans has brought
new geometric concepts, towards more streamlined shapes, enhancing the sensitivity of the
aerodynamic loads to geometric variations, like traffic and geometric improvements.
Cables are supposed to have an intrinsic limit, related to their ability in supporting their
own weight [21], and this has imposed the need of optimizations regarding the materials they
have been made of. Also, with the increase of the lengths, cables have demanded innovative
countermeasures for the mitigation of vortex and rain-wind induced vibrations [22] as well as
other forms of instability, such as wake galloping and vibrations induced by other elements,
like pylons and decks, that may become serious problems if not properly treated. In this
sense, the roughness of the surface of the cables has been used as an important resource
in the mitigation of aerodynamic instabilities, allied to aerodynamic devices and damping
systems.
In terms of global behavior, it has been reported that the cable sag, which is directly
associated to the cables length, may have an important effect on the overall stability of
the bridge. With its increase, the torsional frequency may be also increased, impacting
substantially on the flutter onset [23]. In addition, the height of the towers increases directly
with the increase of the spans, becoming subjected to lateral motion and bringing additional
complexities to the bridge system. Also, the proportion between side span and main span
lengths is important parameter to be considered in the stabilization of long span bridges,
since short side spans are beneficial for aerodynamic stability [23].
Concerning the deck, long-span cable supported bridges present a number of possibil-
ities of aerodynamic phenomena, as consequence of the aerodynamic forces. These aerody-
namic forces have been usually divided into static, self-excited and buffeting forces. The
self-excited forces change the aerodynamic coupling of structural modes, impacting on the
eigenmodes of the structure and providing additional aerodynamic damping and stiffness to
the system [24], being directly related to the occurrence of flutter.
Also, phenomena such as Ka`rma`n vortex induced vibrations, buffeting and galloping
(not usual) may be originated by the forces mentioned above, and strategies to stabilize one
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instability may incur sometimes in the destabilization of other. In addition, the interference
between different aerodynamic phenomena, e.g. heaving vortex induced vibration and tor-
sional flutter (in this case, dependent on the Scruton numbers of the oscillations), may be
of concern [9]. Furthermore, earthquakes and traffic induced vibrations have been of major
concern in the design of such a kind of structure; and the problems mentioned above are
not restricted only to the completed structure, during the erection stages a sort of cautions
should be taken as well.
Vortex induced vibrations are usually stronger in box girders, compared to truss gird-
ers [25], and even not being potentially destructive as flutter, compromises the structures
by interfering with other aeroelastic effects and influencing on their fatigue lives [26]. A
phenomenon associated to the turbulence of the flow, buffeting also may lead to structural
fatigue, affecting at the same time the safety of the vehicles. With the increase of the spans
the combination of buffeting and flutter responses has increased in importance [27], being
considered the two main mechanisms nowadays [28].
Geometric improvements, as the use of fairings and the installation of appendages,
allied to the use of passive and active controls, as TMD (tuned mass dampers), moving flaps
[25] and other devices [29], have been used as important components in the aerodynamic
stabilization of the deck. However, improvements are still necessary to face the new forms
of aerodynamic phenomena, i.e. not occurring in shorter span bridges, associated to super
long span bridges [26, 29].
All these conditions impose new challenges to engineers and researchers, and in this
context health monitoring techniques have been of great value in the control and maintenance
of modern bridges, providing a precise and in real time assessment of the general conditions
of the whole structure. Every structure presents a typical behavior that can be regarded as a
vibrational signature and any change in this characteristic during the lifetime of a bridge may
provide information for the evaluation of its structural integrity. By using ambient vibration
testing techniques, important feedback information through full-scale measurements have
been acquired, which have been used in improvements of the design techniques and helped
in the fine tuning of the understanding about the aerodynamic phenomena related to long
span bridges.
In this chapter, a brief overview of the background necessary for the reading of this
thesis is given, providing the conventions adopted for the development of the investigations.
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2.1 Flutter Instability in Bridge Decks
Flutter is a flow-induced and self-excited divergent aerodynamic instability phenomenon,
which arises from interactions between wind and a given elastic body, for which mass, stiff-
ness, damping and geometrical shape of the body, as well as the characteristics of the flow,
such as velocity and angle of attack, play fundamental roles. Basically, it is a composition
of 2 simultaneous modes of vibration – heaving and torsional. In some kinds of bluff bodies
this phenomenon can be also presented as a single torsional or heaving oscillation, as in the
case of torsional flutter and galloping respectively, though.
Flow separation is not a requirement for the occurrence of flutter and structures liable
to this instability are those in which substantial bending and torsional deflections can be
established, like in suspension bridges [2]. In Fig.2.1, it is possible to see a sketch of a long
structure experiencing flutter instability. In (a) the restoring moment that arises due to the
aerodynamic forces tends to stabilize the torsion oscillation; in (b) the bending oscillation
changes the relative direction of the wind throughout the cycle, generating aerodynamic
forces that act in the opposite direction of the motion. The combination of both oscillations
can be seen in (c), for a particular case with phase difference of 90◦ between torsional and
heaving motions and aerodynamic center at the downstream half-chord.
The genesis of flutter can be explained in a simplistic way by the fact that when a body
is immersed in a flow the aerodynamic loads may change the original form and position of
such bodies, modifying in turn the patterns of the flow around them. Due to the shed
vorticity, this adjustment in the patterns of flow does not happen instantaneously [1]. As
a consequence of that, forces commonly called aeroelastic or self-excited forces, which are
dependent on the history of these motions, arise.
These forces can act feeding energy to the oscillation, being understood as a negative
damping that is imposed to the system body-flow, increasing the level of the vibrations until
the limit in which the energy spent by the total damping of the structure, composed by both
aerodynamic and structural damping, surpass the energy input, forcing the aerodynamic
loads to decrease.
From that point on, the initial state of the body tends to be restored and the reestab-
lishment of the original loads is attained, leading to a new cycle of oscillation. In some cases,
during the reduction of the loads, the elasticity of the body makes it overpass its equilibrium
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Figure 2.1: (a) Torsional oscillation; (b) Bending oscillation (angle of attack motion [1]); (c)
Torsional and bending oscillation (angular velocity motion[1, 2])
position, causing a new aerodynamic load in the opposite direction of the previous one, so
the oscillation cycle has its direction inverted. In case the aerodynamic interactions result in
a continuous increasing of the initial loads, the body enters in a divergent oscillation, leading
the structure to the failure.
Concerning bridge decks, the combination of the characteristics of the flow with the
geometric characteristics of the bridge deck itself may induce different types of flutter insta-
bility, which present different frequency characteristics [3, 30] and motion patterns. Although
nowadays it is recognized the existence of at least 2 majors classes – Torsional Flutter and
Coupled Flutter –, some authors also include Galloping as a heaving oscillation type of flutter.
The Coupled Flutter, a composition of both heaving and torsional oscillations phenomenon
that is similar to the one observed in airplane wings, has been the most common type of
flutter in long span bridges and its stabilization is key factor in the design of such a kind of
structure.
Considering the dependence between the shape of the cross-section and the type of
flutter, Matsumoto et al. [30] accounted for the existence of 5 types of flutter: low-speed tor-
sional flutter - occurring in bluff sections, e.g. rectangular cylinders with side ratio B/D=5;
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high-speed torsional flutter - for still bluff sections, but with a higher side ratio, e.g.: B/D=10
(the generation mechanism is different from the previous one [31]); torsional branch coupled
flutter - for slender cross-sections, e.g.: rectangular cylinders with side ratio B/D=20 (it is
the most common type of flutter, similar to one occurring in thin airfoils and flat plates);
heaving branch coupled flutter - slender cross-sections with some modifications, e.g.: central
barrier, occurs for A∗2<<0; hybrid branches coupled flutter - complex slender cross-sections,
e.g.: grating girders. So the study on flutter stabilization may be conducted by taking that
classification into account.
In the coupled-flutter instability, the torsional system is recognized to be more easily ex-
cited than the heaving system [32]. Yang [33], studying a group of 13 different cross-sections,
concluded that the more streamlined a cross-section is, the more the heaving participates
for the flutter onset, rising the flutter speed. Based on that study, it was concluded by Ge
& Xiang [34] that an optimum level of beneficial effects provided by the heaving motion in
flutter stabilization is obtained with the use of a central barrier, beyond which flutter speed
gradually goes down.
Flutter instability occurs when the total damping of the system, composed by structural
and aerodynamic damping, turns negative. Its stabilization can be obtained through 2
different approaches [17, 29, 35], which should be integrated in order to maximize their
advantages: structural control and aerodynamic control.
In the first approach, the designer operates on the stiffness and on the vibration modes
of the bridge, improving its response characteristics towards the increase of the structural
resistance. Since the effectiveness of the increasing of the torsional stiffness gets reduced
with the increase of the span [36, 37], more complex structural approaches, aiming a better
distribution of the aerodynamic energy, have to be considered for modern long span bridges.
Such approaches may include strategies as changing the center of mass and modes of vibration
of the structure [36].
In the second approach, the proposition of proper cross-sections based on aerodynamic
considerations is performed, with the objective of reducing the loads on the bridge.
In spite of being effective in the improvement of the stability, the first option implies
necessarily in the increasing of the weight of the structure, leading the torsional steel require-
ments to rise with the square of the span [38], which impacts directly on the final cost of the
bridge. So the importance of aerodynamic improvements, introduced in the end of 1960‘s
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[35], is enhanced. However, the stabilization problem should be treated as an interactive
discipline, in which both aerodynamic and structural characteristics should be integrated
towards an optimal configuration.
For values of frequency ratio fϕ/fη greater than 1, the critical flutter onset velocity is
generally proportional to (as a fraction of) the divergence velocity. Divergence occurs when
the torsional stiffness is eliminated by the action of the wind and because of that it is highly
dependent on the torsional natural frequency fϕ of the structure. Since the increase of the
wind velocity barely impacts on the heaving natural frequency fη, the frequency ratio of the
structure can be regarded as a measure of its aerodynamic stability. For values of frequency
ratio equal to the unity, critical flutter velocity tends to become very high; however, in that
state the torsional motion is only weakly damped throughout the whole wind velocity range
[38].
Values of frequency ratio that provide good stability conditions are usually greater than
2; nevertheless, depending on the general characteristics of the bridge, this ”safety limit”
may vary. In modern suspension bridges, the frequency ratio has been usually in the range
of 1.4 to 2.0 [39]. For illustration purposes, Table 2.1 (adapted from [18, 34, 39]) presents
the natural frequencies and frequency ratios of some suspension and cable-stayed bridges
around the world.
In terms of structural system, it has been analytically accounted for the better aerody-
namic stability presented by continuous decks, in comparison with discontinuous solutions
[23]. Also, modern long-span bridges have generally adopted three-span arrangements, in-
stead of the single-span system; the former leads to a lower vertical stiffness without present-
ing differences in terms of torsional stiffness from the latter, leading consequently to a higher
frequency ratio [23]. More stable solutions have also been tried with the use of perforated
decks [40], and subsequent theoretical studies on such a kind of bridge deck has lead to the
development of the concept of two-box girders [38], which have shown very good stability
characteristics against flutter.
2.1.1 Mathematical considerations
When a sudden change in the angle of attack occurs, the consequent increase of the circula-
tion imposes an increase in the lift forces that should be counterbalanced by the shedding of
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Table 2.1: Frequency ratios of some suspension and cable stayed bridges
span (m) fη(Hz) fϕ(Hz) fϕ/fη
Suspension bridges
First Tacoma Narrows (USA) 854 0.130 0.200 1.5385
First Bosporus Strait (Turkey) 1074 0.162 0.371 2.2901
Akashi Kaikyo (Japan) 1991 0.0659 0.1592 2.4158
Messina Strait (Italy) 3300 0.0605 0.0796 1.3157
Yichang (China) 960 0.1050 0.3580 3.4095
Jiangyin (China) 1385 0.0890 0.2581 2.9000
Humen (China) 888 0.1117 0.3612 3.2337
Honguang (China) 380 0.1915 0.3591 1.8752
Kitan Strait (Japan) 2500 0.053 0.188 3.547
Cable-stayed bridges
all’Indiano (Italy) 189 0.573 1.179 2.0576
Rio Guama´ (Brazil) 320 0.331 0.649 1.9607
Tsurumi Fairway (Japan) 510 0.204 0.486 2.3824
Normandy (France) 856 0.220 0.500 2.2727
Yangpu (China) 602 0.2733 0.5093 1.8635
Qingzhou (China) 605 0.2075 0.5346 2.5764
2nd Nanjing (China) 628 0.2426 0.7275 2.9988
Jingsha (China) 500 0.1987 0.3983 2.0045
Haikou (China) 340 0.2728 0.6248 2.2903
Nanpu (China) 423 0.3518 0.4498 1.2786
vortices from the trailing edge. When these vortices are far enough way in the wake of the
deck, the unsteady forces are reduced to zero and the lift reaches its steady state. Because
of that, the unsteady components of the circulatory forces, represented by the aerodynamic
derivatives, have been extensively investigated and considered for the understanding of what
happens aerodynamically for the occurrence of flutter.
In the evaluation of the flutter onset, the wind is usually considered perpendicular
to the bridge axis in the horizontal plane. This situation has been regarded as the most
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unfavorable condition, and for different incidence directions (skew winds) the ”cosine rule”
has been adopted through simple vector decomposition. However, studies based on wind
tunnel tests have accounted for a inaccuracy of this decomposition approach for situations
in which the angle of attack is not zero. Depending on the angle of attack and on the
geometry of the deck, as the existence of transverse beams and other appendages, skew wind
directions may lead to worse situations, resulting in that the use of the ”cosine rule” may
incur in an underestimation of the loads [41].
For the description of the motion of bridge decks immersed in the wind flow, it has
been widely accepted the consideration of only the vertical η and the torsional ϕ oscillations,
Fig.2.2. The system is modeled as a rigid body balanced mechanically around its mid-chord
rotation axis, whose linearized equations for the forces are described by Eq.2.1 and Eq.2.2.
L(t) = m.
(





M (t) = I .
(





where: L(t) and M(t) are the time-varying lift force and moment per unit span; ωη and ωϕ
are the circular frequencies 2.pi.fη and 2.pi.fϕ of the vertical and torsional oscillations; η is the
heaving displacement (positive downward); ϕ the torsional displacement (positive nose-up);
the dots (˙) and (¨) represent the derivatives in relation to time t; m is the mass per unit span
of the bridge deck; I is the mass moment of inertia per unit span of the bridge deck; ζη and
ζϕ are the structural damping ratios to critical in heaving and torsional motions.
Figure 2.2: Section of a body immersed in a flow in 2-DOF motion
Eq.2.1 and Eq.2.2 are aerodynamically coupled without being mechanically coupled
and the time-dependent lift L(t) and moment M(t) provided by them are the resultant of
the loads due to the turbulence of the flow and to the self-excited forces, Eq.2.3 and Eq.2.4.
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However, only the latter, which are represented by Eq.2.5 and Eq.2.6, assuming purely
sinusoidal motion and linear behavior, should be considered for flutter stability analysis.
L(t) = Lse(t) + Lb(t) (2.3)
M (t) = Mse(t) +Mb(t) (2.4)
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where: Lse(t) and Mse(t) are the time-varying self-excited lift force and moment per unit
span; ρ is the air density; U is the mean wind velocity; b is half-width of the deck; k is reduced
frequency, k = b.ω/U ; ω is the circular frequency 2.pi.f ; H∗i and A
∗
i are the aerodynamic
derivatives for lift and pitching moment respectively; η is the heaving displacement (positive
downward); ϕ the torsional displacement (positive nose-up); the dot (˙) represents the first
derivative in relation to time t.
A simplified proposition for Eq.2.5 and Eq.2.6 can be obtained by using the aerody-
namic coefficients CL and CM to represent the aerodynamic lift and moment coefficients,
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With the increase of the span, the flexibility of the structure is also increased, re-
sulting in a more prominent deformation under the static wind load. This deformation is
not constant along the span and leads to non-linear wind-structure interactions that impact
substantially on the vertical and on the torsional displacements, without deforming signif-
icantly the along-wind displacements linearity. So, non-linear wind-structure interactions
have gained importance in the analysis of long-span bridges [43].
In addition, it has been observed that by neglecting the aeroelastic coupling between
modes, an underestimation of the torsional responses may occur [27]. Based on that, im-
provements have been done in the analysis methods by considering non-linear effects of the
deformed structures, influences of full-coupled aerodynamic derivatives and full-mode flutter
analysis [44]. So the equations have included one more DOF in the horizontal direction,
Eq.2.9, and the participation of several modes of vibration.
P(t) = m.
(





where: P (t) is the time-varying drag force per unit span; ωp is the circular frequency 2.pi.fp
of the along-wind oscillation; p is the along-wind displacement,ζp is the structural damping
ratio to critical in along-wind motion.
Also additional aerodynamic derivatives should be included in the formulation, so that
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where: Pse(t) is the time-varying self-excited drag force per unit span; P
∗
i are aerodynamic
derivatives for drag force.
For the calculation of the flutter onset, i.e. wind velocity for which flutter stability
occurs, several methods have been used and proposed in the latter decades. In this study,
despite the increasing of the importance of a three-dimensional evaluation of the stability
problems, the analyses will be restricted to a two-dimensional approach, by using Complex
Eigenvalue Analysis (CEVA) for flutter analysis purposes.
2.2 Unsteady Pressure Characteristics
The pressure distribution measured along the surface of a body immersed in the wind flow
is important information for the study of the aerodynamic instabilities this body may be
subjected to.
A common representation for these pressures at every location x∗ in a harmonically
oscillating body, Eq.2.13 for torsion and Eq.2.14 for heaving, at a given time t is a composition
of a mean and a fluctuating components. These components are dependent on the wind
velocity and in order to assume values comparable among different situations they are usually
normalized by the dynamic pressure 1/2.ρ.U2, where ρ is the air density and U is the wind
velocity, resulting in the pressure coefficients C p(x*) and C˜p(x*, t) of Eq.2.15, respectively.
ϕ(t) = ϕ0 .cos(2 .pi.fϕ.t) (2.13)
where: ϕ(t) is the torsional displacement at a given time t; ϕ0 is the amplitude of ϕ(t); fϕ
is the torsional vibration frequency.
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η(t) = η0 .cos(2 .pi.fη.t) (2.14)
where: η(t) is the heaving displacement at a given time t; η0 is the amplitude of η(t); fη is
the heaving vibration frequency.
Cp(x
∗, t) = C p(x ∗) + C˜p(x ∗, t) (2.15)
where: Cp(x*, t) is the total pressure coefficient at location x
∗ in time t; C p(x*) is the mean
pressure coefficient; C˜p(x*, t) is the unsteady pressure coefficient for time t at x
∗.
The mean pressure coefficient is obtained by averaging the pressures along the time,
and it assumes nearly similar values regardless the body is in motion or in stationary state.
Since the main focus of this study will be put on the unsteady components of the total
pressure, i.e. C˜p(x*, t), the discussions about mean pressures will not be deepened.
The fluctuating component C˜p(x*, t) shows a dependence on the amplitude of vibra-
tion and because of that it is sometimes normalized by it, which is not the case of the values
reported throughout this study. For its definition, Eq.2.16, two parameters should be consid-
ered, the amplitude C˜p(x*) and the phase difference ψ(x*) existent between the maximum
relative angle of attack of the whole body and the maximum negative pressure at x∗. As a
physical interpretation, positive values of ψ(x*) indicate a delay of the pressure fluctuation
in relation to the motion of the body, Fig.2.3.
C˜p(x
∗, t) = −C˜p(x ∗).cos(2 .pi.f .t − ψ(x ∗)) (2.16)
As already mentioned above, the amplitude C˜p(x*) is normalized by the dynamic pres-
sure 1/2.ρ.U2 and represents the half average fluctuation of the pressures along the sampling









Figure 2.3: Unsteady pressure characteristics on the upper surface of the body
where: pmax is the average of the maxima in the pressure signal; pmin is the average of the
minima in the pressure signal; ρ is the air density; U is the wind velocity.
Based on the definitions of this thesis, the imaginary part of C˜p(x*, t), which is pro-
portional to the velocity of the motion and defined by C˜p(x*).sin ψ(x*), is related to the
damping of the system. In heaving motion, positive values of C˜p(x*).sin ψ(x*) in the upper
surface act as exciting forces, inputing energy into the vibration, and negative values as
damping forces. In torsional motion the same can be said in relation to leading and trailing
edges [45], and the opposite for the inferior side surface.
In order to obtain the total lift forces due to the unsteady pressure, Lse(t), Eq.2.16
should be integrated over the whole surface of body, leading to Eq.2.18. The same can be














∗).x ∗.cos(2 .pi.f .t − ψ(x ∗))dx ∗ (2.19)
These equations can be transformed in Eq.2.5 and Eq.2.6, respectively, which use the
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aerodynamic derivatives to described each component of the unsteady forces. This subject
will be addressed in more details in the following sections of this thesis.
2.3 Aerodynamic Derivatives
The concept of aerodynamic derivatives has been used for a long time, since the first theo-
retical expressions proposed by Birnbaum in 1924 [46]. Throughout the last century, many
researchers addressed the idea, and the fundaments proposed by Theodorsen [47] in 1934
had a major influence on the studies of flutter instability in the aeronautical field.
Before 1940, the application of the theories regarding aerodynamic derivatives was
mostly performed in studies on airfoil shapes. However, with the years, the resemblances
between airfoils and bridge decks induced engineers to start gradually applying such concepts
to civil engineering problems, and a number of authors dealt with the phenomena regarded
to both shapes as similar.
Nowadays, the limitations of such a kind of similar approach are understood. Since
the classic work published by Scalan & Tomko in 1971 [46] several specific investigations
have been conducted on the aerodynamic behavior of bridges considering these aerodynamic
derivatives as empirical coefficients. Since they are a representation of the aeroelastic forces
in a frequency domain, they can be understood as frequency filters, mapping the state of the
motion of the body into the self-excited forces [48], being of great value in the evaluation of
the flutter properties in bridge decks.
Until the present, days it has not been possible to develop precise analytic expressions
for the inference of the values of these derivatives for bluff bodies. Theories applicable to
airfoil shapes, based on the potential flow, may serve as guidelines in the studies of bridge
decks; however, they do not provide accurate results for cross-sections which do not present
a very streamlined shape, due to the separated flow inherent to such a kind of cross-section.
Because of that the only reliable way for obtaining them has still been by resorting to wind
tunnel tests (see Section 2.3.1).
Alternative techniques, as Computational Fluid Dynamics (CFD) and even the usage of
Neural Networks [49, 50], have been tried for the assessment of the aerodynamic derivatives of
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bridge decks. However, due to the huge complexity of the aerodynamic interactions, powerful
computational resources should be employed and additional research is still needed before
CFD can be widely applied to practical situations. In spite of that, CFD has been used
as a complement for wind tunnel tests and even as an alternative method in investigations
of simpler structures, showing that with the advances of the computational resources the
applicability of CFD will surely expand.
The choice for a CFD method should be made based not only on its accuracy, but also
on its versatility, computational cost and ease of use [51]. An example of the application of
CFD in investigations related to aerodynamic derivatives is the one conducted by Bruno &
Fransos [52], in which a relevant dependence between aerodynamic derivatives and Reynold‘s
number was identified for flat plates, especially for H∗1 and A
∗
2. These influences showed a
tendency to be suppressed with the increase of the Reynold‘s number, which is related to the
thickness of the attached boundary layer and the definition of the conditions of separation
of the shear layers [53]. For Re > 105 the aerodynamic derivatives showed an excellent
agreement with the Theodorsen function, that does not consider the effects of Reynold‘s
number.
However, considering that in wind tunnel tests the values of Reynold‘s number are
smaller by a factor of 102 to 103 than the full scale values, this theme should deserve more
attention. In this sense, experimental studies have also accounted for some dependence
between Reynold‘s number and aerodynamic derivatives, which varies with the angle of
attack [54, 55].
Despite that, the effects of Reynold‘s number on the aerodynamic derivatives have
been generally ignored and in wind tunnel tests good approximations for the aerodynamic
derivatives are expected by considering only reduced wind velocity, geometry of the cross-
section and the relative angle of attack [56].
With the increase of the oscillation amplitudes, the mean reattachment point of the flow
in a body in torsional motion is moved to downstream, and this brings important impacts
on the values of A∗2 and H
∗
2 [57]. However, in spite of the dependence on the amplitude
of oscillation [57, 58], aerodynamic derivatives obtained in wind tunnel tests are usually
considered not affected by it, since the amplitude of oscillation assumed in the tests are
generally of small magnitude.
Initially, Scanlan & Tomko [46], based on the concepts introduced by Theodorsen [47],
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3 . However, the
need for a clearer understanding of the aerodynamic phenomena concerning the interactions
fluid-structure has lead to the inclusion of additional coefficients.
Considering only a two-dimensional motion, two more aerodynamic derivatives, i.e.
A∗4 and H
∗
4 , have been included, and when the investigations are conducted in a three-
dimensional basis (3 DOF systems), the formulation is complemented by increasing the
total number to 18 aerodynamic derivatives [59, 60]. These additional coefficients necessary
for 3 DOF systems are associated to the along-wind motion, and their contributions to the
multimodal response of bridges have not been totally clarified [59]. So the importance of
considering them in the estimation of the flutter onset velocity will depend on the structural
and aerodynamic characteristics of the bridge [61].
Although different representations for these index have already been proposed [62, 63,
64], as attempts to provide different points of view for the aeroelastic forces, the system
proposed by Scanlan & Tomko [46], as the real and the imaginary parts of the transfer
function between forces and displacements in a non-dimensionalized form, became a kind of
common sense in the investigations on bridge decks, being widely used in the literature.
Even not being perfectly suitable, the aerodynamic derivatives corresponding to the
classical theoretical case of a linearized thin airfoil (flat plate) submitted to a two-dimensional
motion have been repeatedly used as benchmark for comparison purposes among bridge
decks. These indices can be calculated by consulting the Appendix I of Theodorsen [47]
and Scanlan & Tomko [46], which lead to the following equations for the eight aerodynamic
derivatives:
k .H ∗1 = −2 .pi.F (k) (2.20)





























k .H ∗4 = 2 .pi.G(k) (2.23)






















































where: k is the reduced frequency b.ω/U ; b is the half width of the deck; ω is the circular
frequency; U the wind velocity; F(k) and G(k) are the real and imaginary parts of the
Theodorsen function C(k) = F(k) + iG(k), which is defined by Hankel function (Eq. 2.28);







1 (k) + iH
(2 )
0 (k)
= F (k) + iG(k) (2.28)
where: H
(2)
v (k) is the Hankel function of second kind; F(k) and G(k) are defined as the
Laplace transformation of R.T.Jones indicial function, according to Eq.2.29 and Eq.2.30.



















where: aH=0.165; bH=0.0455; cH=0.335; dH=0.3
In the case of bridges decks, these equations can be simplified by considering a=0,
which leads to:
k .H ∗1 = −2 .pi.F (k) (2.31)




















k .H ∗4 = 2 .pi.G(k) (2.34)
k .A∗1 = pi.F (k) (2.35)



















k .A∗4 = −pi.G(k) (2.38)
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Each one of these coefficients can be associated to a physical description of the aerody-





related to the heaving and torsional aerodynamic damping respectively, A∗3 to the torsional
aerodynamic stiffness and A∗4 to the heaving displacement. For the H
∗
i derivatives the associ-
ations are similar: H∗1 and H
∗
2 are related to the heaving and torsional aerodynamic damping
respectively, H∗3 to the torsional stiffness and H
∗
4 to the heaving displacement. Furthermore,
in the quasi-steady state (F(k)= 1 and G(k)= 0), k.H∗1 is the slope of the lift force curve;
k.A∗1, the slope of the pitching moment curve; k.H
∗
2 is related to the force arising from the
angular velocity of the body and k.A∗2 to the moment arising from the angular velocity of
the body.













4: while the former affect the same
degree of freedom that they are associated to, the latter affect the other degree of freedom.
The coupled derivatives related to the torsional motion excited in a frequency ωϕ induce
a lift force in the heaving system. This torsional motion lags the induced lift force by a phase
angle of tan−1(H∗2/H
∗








the other hand, the coupled derivatives obtained in the heaving motion with frequency ωη ex-






and a phase angle of tan−1(A∗1/A
∗
4) [8].
Although the physical interpretation of such derivatives presents an equivalence be-
tween flat plate theory and bridge decks, the differences among the fluid structure around
these bodies in motion do not allow a direct application of Eq.2.31 to Eq.2.38 in the calcula-
tion of the aerodynamic derivatives of bridge decks. So, as mentioned above, investigations
based on wind tunnel tests are required in this sense, and Section 2.3.1 addresses this subject.
2.3.1 Obtaining Aerodynamic Derivatives
In order to obtain the flutter derivatives and to evaluate the effects of the wind on bluff
bodies, experimental approaches through some system identification method either in the
frequency or in the time domain should be employed [60]. A number of methods has already
been tried and can be found in the literature [28, 39, 65, 66, 67, 68, 69, 70, 71], including
forced and free vibration techniques. The latter are less expensive; however, in the high
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velocity range the vertical motion of the model decays rapidly, reducing the length of time
history that can be used in the analysis, introducing difficulties to the system identification
[72].
As an assumption for the use of forced vibration techniques, it is considered that the
bridge deck should present a harmonic motion during flutter instability [54]. In this section
only two methods, based on this technique, will be delineated.
Firstly, the aerodynamic coefficients without the presence of wind are measured, so
the same coefficients are obtained for different wind velocities in wind tunnel tests with the
model subjected to forced vibration either in heaving or in torsional motion. Then the effects
of the wind can be isolated by subtracting the former set of results from the latter, so that
the aerodynamic derivatives can be calculated.
With the use of load cells, the lift forces and the moments associated to 1-DOF forced
heaving motion can be evaluated by using Eq.2.39 to Eq.2.41.
L(t) = Lη0 .cos(ωη.t − ψLη) (2.39)
M (t) = Mη0 .cos(ωη.t − ψMη) (2.40)
η(t) = η0 .sin(ωη.t) (2.41)
where: Lη0 is the amplitude of the lift force in forced heaving motion (down is positive); Mη0
is the amplitude of the moment in forced heaving motion (nose-up is positive); ψLη is the
phase lag from the maximum angle of attack to the maximum lift force (down is positive)
in forced heaving motion; ψMη is the phase lag from the maximum angle of attack to the
maximum moment (nose-up is positive) in forced heaving motion; η0 is the amplitude of the
heaving motion; ωη is the heaving circular frequency and t is time.





























So combining and rearranging Eq.2.39, Eq.2.40, Eq.2.42 and Eq.2.43, the values for

















Similarly, the aerodynamic derivatives for the single DOF torsional motion can be
expressed by the following equations:

















where: Lϕ0 is the amplitude of the lift force in forced torsional motion (down is positive);
Mϕ0 is the amplitude of the moment in forced torsional motion (nose-up is positive); ψLϕ
is the phase lag from the maximum angle of attack to the maximum lift forces (down is
positive) in forced torsional motion; ψMϕis the phase lag from the maximum angle of attack
(down is positive) to the maximum pitching moment (nose-up is positive) in forced torsional
motion; ϕ0 is the amplitude of the torsional motion; ωt is the heaving circular frequency.
This technique has the advantage of being precise and easily applicable to any kind
of geometry; however, it does not provide any information about the pressure distribution
along the body. For that purpose, a technique based on the direct measurement of the
local pressures along the model should be applied, followed by a mathematical treatment as
explained in Section 2.2 and in the next lines.
The pressure signals are acquired by using pressure taps at suitable locations in a
specific sampling ratio and converted into pressure coefficients C˜p(x*) and phase difference








∗).sin ψ(x ∗).dx ∗ (2.52)



















x ∗.C˜p(x ∗).cos ψ(x ∗).dx ∗ (2.55)






∗).cos ψ(x ∗).dx ∗ (2.56)


















x ∗.C˜p(x ∗).sin ψ(x ∗).dx ∗ (2.59)
This technique is more susceptible to mistakes and misinterpretations during the ex-
traction of the experimental data; however, provides insight on the characteristics of the flow
around the body in motion and was chosen to be used in the development of the present
research.
2.3.2 Aerodynamic Derivatives Interdependence
Even existing eight aerodynamic derivatives to be considered in a two-dimensional aero-
dynamic characterization of bridge decks, the existence of interdependence between them,
which would lead to simplifications in this characterization, had already been pointed out
in the technical literature early in 1978, by Nakamura [42]. This interdependence has been
mentioned by other researchers in posterior publications [3, 4, 48, 73, 74].
Matsumoto and Matsumoto et al. [3, 74], by carrying out wind tunnel investigations
on rectangular cylinders with side ratio B/D ranging from 5 to 20 submitted to forced tor-
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sional and heaving sinusoidal motions, presented physical evidences of this interdependence,
described by Eq.2.60 to Eq.2.63.
H ∗1 = k .H
∗
3 (2.60)
H ∗4 = −k .H ∗2 (2.61)
A∗1 = k .A
∗
3 (2.62)
A∗4 = −k .A∗2 (2.63)
Furthermore, since the equivalent Wagner function, defined as the inverse Fourier trans-
formation of the equivalent Theodorsen function, should be a real function, it is possible to
relate A∗2 and A
∗




4 in the heaving motion, according
to [3]. Combining these assumptions with Eq.2.60 to Eq.2.63, it was concluded that there
are only two independent aerodynamic derivatives, which can be characterized by the two
parameters of the unsteady pressure characteristics: amplitude C˜p(x*) and phase difference
ψ(x*) [4].
Although these relationships hold for some streamlined bridge decks, they were found
to fail or to present different patterns for other kinds of cross-sections [73]. Because of that,
this interdependence, the way it is presented in Eq.2.60 to Eq.2.63, can not be extended to
all geometries as a generalization.
The accuracy of these equivalence relationships is maximized in the quasi-steady limit,
for a situation in which a strong similarity between the unsteady pressure characteristics
of heaving and torsional oscillations under the same relative angle of attack is presented.
So Eq.2.31 to Eq.2.38 can be evaluated by considering the reduced frequency k tending to
zero. Consequently, F(k) and G(k) approach their asymptotic limit values, according to
Eq.2.64 and 2.65, and mathematical manipulation considering the Theodorsen function can
lead indeed to Eq.2.60, Eq.2.62 and Eq.2.63.
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limk→0F (k) = 1 (2.64)
limk→0G(k) = 0 (2.65)
However, Eq.2.61 can not be approximated by the quasi-steady assumption, which
actually leads to Eq.2.66.
H ∗4 = −k .(H ∗2 + 2 .A∗1 ) (2.66)
Equivalence relationships can be also obtained by considering the equations of motion,
forces and moments along the deck in the quasi-steady limit [48]. By this approach, although
Eq.2.61 is also verified, Eq.2.60 presents a slight difference.
Because the equivalence relationships Eq.2.60 to Eq.2.63 are based on the assumption of
the existence of a strong similarity between the unsteady pressure characteristics of torsional
and heaving motions in a quasi-steady limit, their usage should be limited to well-streamlined
cross-sections and be considered with some reserve for other shapes. In real bridge decks
this similarity is deformed, and if an equivalent Theodorsen function can be established for
generic bridge deck shapes the values of F(k) and G(k) will be different among motions.
2.4 Concluding Remarks
An overview of the aerodynamic problems related to long-span bridges was presented, with
emphasis on the flutter instability. Also, considerations about the formulations used in the
calculations developed in this study, especially for the aerodynamic derivatives, can be found





Coupled Flutter Stabilization from
the Unsteady Pressure Characteristics
Point of View
3.1 Introduction
The formulation of the relationships between geometry, aerodynamic derivatives, structural
properties, wind characteristics and flutter instability is a very complicated problem in mod-
ern bridges, whose frontiers have not been completely clarified until the present days. The
search for a better understanding about the connections between all these factors has mo-
tivated investigations throughout the world, and the knowledge obtained from experiences
with different kinds of bridges has provided general initial frameworks of concepts, to be
used in the proposition of flutter resistant cross-sections during the design phase of a new
project.
After the classic Scanlan & Tomko’s paper [46], the studies on aerodynamic stabiliza-
tion of bridges gained a new direction, and the usage of the so-called aerodynamic deriva-
tives established a kind of common sense in the Bridge Engineering. By understanding
the relationships between these aerodynamic derivatives and the aerodynamic instabilities
themselves, comparisons between bridge decks have been possible.
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Through such studies, it was found that depending on the cross-section the flutter
instability may be increased or decreased by the addition of appendages and vertical plates
along the bridge deck. In the case of central barrier, it was demonstrated by Nakamura
[42] and Matsumoto [75] that the addition of such a device is sometimes effective in the
augmentation of the aeroelastic stability of some kinds of cross-sections, contributing to an
increasing of the critical flutter velocity. For bridges with two-edge girders, it was shown that
the characteristics of the flutter instability are greatly influenced by the distance between
girders and tends to be stabilized for smaller distances [76].
Also, flat diamond-shaped bodies were proved to have advantages in flutter stabiliza-
tion [32]. They lead to a larger torsional rigidity and consequently higher torsional eigen-
frequency, associated to an aerodynamic stabilization caused by the existence of two points
of flow separation. This aerodynamic stabilization mechanism is also presented in ellipti-
cal cylinders, inverse triangle sections and rectangular cylinders with vertical plate at the
mid-chord of the cross-section.
The spread of openings along the surface of bodies subjected to the wind flow has also
a high influence on the flutter instability these bodies may experience; depending on the
opening ratio as well as on their location, peculiar flutter phenomena may be observed [16],
through a hybrid type of torsional branch and heaving branch in coupled flutter. Also the
combination of 2 different kinds of cross-sections along the spans proved itself to be a good
strategy for flutter stabilization, with cost benefits [18].
Although a large amount of studies has been focused on matching aerodynamic deriva-
tives, cross-sections and instabilities, exact explanations based on the physical phenomena
involved in the generation mechanism of the aerodynamic instabilities are still needed. Since
aerodynamic derivatives are resultant of the unsteady pressure characteristics developed
along the bridge deck, it must be more rational to search for relationships between deck
geometry and flutter stabilization from the unsteady pressure characteristics point of view.
This may finally lead to the ability of controlling the aerodynamic derivatives through a di-
rect manipulation of these unsteady pressure characteristics, via the proposition of suitable
geometric compositions.
Based on that, the proposition of this chapter is to assess the flutter stabilization
problem from the unsteady pressures characteristics point of view, generating as an output
configurations of unsteady pressure characteristics a bridge deck should present in order to
prevent flutter, namely optimal unsteady pressure characteristics.
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The results of the analyses conducted herein may serve as target configurations in the
design framework proposed in the Chapter 1, in which the geometry of the bridge deck is
proposed by consciously considering its influences on the inherent unsteady pressure char-
acteristics of the deck, instead of focusing solely on the aerodynamic derivatives. By under-
standing the effects of the introduction of geometric modifications (geometric singularities)
in the deck, it is expected to be attained the ability of driving the unsteady pressure charac-
teristics to present configurations of aerodynamic derivatives proper for flutter stabilization.
This subject will be addressed in the subsequent chapters of the thesis.
The influences of external factors, as the turbulence of the approaching flow, the sur-
roundings and even the clearance under the girder [77], have been recognized to have an
important impact on the unsteady pressure characteristics of the bridge. Because of that,
they should also be taken into account in the design. However, in this study such aspects
will not be approached.
Firstly, the flutter stability is discussed from an aerodynamic derivatives point of view,
in Section 3.2. So, from the conclusions of this section, unsteady pressure characteris-
tics which lead to flutter proof configurations of aerodynamic derivatives are presented, in
Section 3.3, being fine tuned through flutter analysis. Finally, in Section 3.4, concluding
considerations about this approach are presented.
3.2 Role of aerodynamic derivatives
Due to the low-level damping inherent to long span bridges, the decaying and growing of the
motions has little influence on the self-excited forces these structures may experience, and
because of that the aerodynamic derivatives can be understood to be not dependent on the
structural damping [8].
However, some sources of potential nonlinearities can be related to the dependence
the flutter onset velocity may have on the whole set of dynamic properties of the bridge;
more precisely, on how the modal frequencies, damping ratios and intermodal coupling can
be influenced by the self-excited forces and how these interactions consequently affect the
flutter onset velocity itself, in a retro feeding process.
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In this sense, multimode flutter analysis frameworks, which take in consideration the
interactions between structural characteristics of multiple modes and aerodynamic properties
of the bridge deck, have been used for advanced prediction of coupled flutter in bridges. By
making use of them, it has already been shown that bridge flutter is usually controlled by the
fundamental torsional and vertical modes, with only minor contributions from other modes
[8, 13]. Also, it has been accepted as a reasonable approximation for wind tunnel tests that
the dynamic properties of the model, when considered in terms of reduced frequency, do not
affect critically the results of the investigations in terms of onset velocity. Based on that,
results obtained from wind tunnel tests can be extended to any prototype that presents
similarity of geometry, mass properties and dynamic characteristics [39].
On the other hand, the influences each aerodynamic derivative has on the flutter onset
velocity are still not fully understood and many researchers have put efforts in finding out
how to interpolate all the relevant factors in a common formulation. From such studies, it
could already be verified that these influences may vary according to the different classes
of flutter, which are dependent on the geometry of the cross-sections. For example, slender
cross-sections usually present H∗1<0 and A
∗
2<0, which lead to a coupled flutter instability,















aerodynamic derivatives [8]; single-vertical-mode flutter (galloping) or single-torsional-mode
flutter (torsional flutter) can be developed only when H∗1>0 and A
∗
2>0, respectively [8].
In the case of coupled flutter, the complexity of the traditional methods of flutter
analysis based on eigenvalue problems permits obtaining information about the flutter gen-
eration mechanism only through extensive parametric studies [4, 8]. That led to the need
of searching different approaches, resulting in that a number of alternative formulations to
assess the aerodynamic stability of bridges have already been proposed.
Considering a supposed independence between the influences of the aerodynamic char-
acteristics and the dynamic properties of the bridge on the flutter onset velocity, the use
of an empiric aerodynamic stability performance index, dependent only on the geometric
characteristics of the bridge, has already been tried [39]. However, such a method does not
provide any information about the importance each aerodynamic derivative has separately
on the flutter generation mechanism. Based on that, different methods should be used for
that purpose.
Matsumoto et al. [4] proposed the Step-By-Step Analysis (SBS Analysis), an iterative
flutter analysis method claimed to clarify the role each aerodynamic derivative plays for
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the genesis of flutter instability. Basically, in this method the interactions between heaving
and torsional modes are analyzed through the application of a forced vibration in one of
the modes, which in turn induces the vibration in the other mode. Then, this consequent
induced vibration affects the vibration in the mode excited previously, and so the iteration
is kept until the convergence condition is reached.









3 in the heaving
branch. As a result, an optimal scenario for coupled flutter stability in terms of aerodynamic
derivatives can be delineated, as shown in Table 3.1. Moreover, considering the dependence
between these aerodynamic derivatives (see Section 2.3.2), Matsumoto et al. [78] isolated
A∗1 as the most relevant aerodynamic derivative in terms of impact on the onset velocity.
Table 3.1: Role of the aerodynamic derivatives in coupled flutter, according to Step-by-step
Analysis
Derivative Stabilization Destabilization
A∗1 low absolute values high absolute values
A∗2 negative values positive values
A∗3 low absolute values high absolute values
H∗1 negative values positive values, low absolute values
H∗3 low absolute values high absolute values
A∗1 x H
∗
3 negative values positive values
A point of concern in the scenario of Table 3.1 might be related to the exact frontiers
for terms like low absolute values and high absolute values, as well as the range of values
of aerodynamic derivatives for which the conclusions still hold. Since the coupled flutter
is a phenomenon associated to slender cross-sections, which present similarities in terms of
aerodynamic derivatives to a flat plate, a good starting point for the establishment of these
frontiers might be the derivatives obtained through Theodorsen function [47].
Although Selberg’s formula is recognized to provide accurate results for a flat plate, its
provisions are considered usually conservative in terms of coupled flutter [80]. In the search
for better estimations for this instability, Nakamura [42] in 1978 came to an equation, whose
aerodynamic coefficient was calculated based on a relationship between the aerodynamic
derivatives, very similar to the Selberg’s formula. In fact, when the aerodynamic derivatives
calculated for a flat plate in a high frequency of oscillation were used, the aerodynamic index
of Nakamura‘s formulation differed from the Selberg’s formula‘s, i.e. 0.44, only slightly.
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In the same line, considering cross-sections of long span bridges prone to coupled flutter
and assuming well-separated eigen-frequencies, Chen [8] presented a closed-form solution,
Eq.3.1, also similar to the one suggested by Selberg [81], Eq.3.2. This formulation was
claimed to be an analytical basis for Selberg’s formula, serving as an extension to bridges
with generic bluff deck sections.










where: Ucr is the flutter onset velocity; γchen is an aerodynamic index, dependent on the
aerodynamic derivatives; ωϕ is the torsional natural frequency; b is the half-width of the
deck; ωη is the heaving natural frequency; mchen is the mass coefficient; r is the radius of
gyration.









where: w is the weight of the bridge; rm is the mass radius of gyration.
In Chen‘s formulation, the onset velocity is computed by considering the influences of
the dynamic properties separately from the influences of the geometric characteristics, which





and H∗3 . Here, differently from the formulation proposed in [39], this aerodynamic index is a
direct consequence of a relationship between aerodynamic derivatives, providing an insight
on their contributions for the coupled flutter generation mechanism.
Through a sensitivity analysis using that closed form solution, the influences of those
four aerodynamic derivatives on the flutter onset velocity of a box girder bridge deck were
identified. The bridge deck investigated presented aerodynamic derivatives similar to a flat
plate and the method used in the analysis was based on individually impacting by factors
of 0.5 and 2.0 (50% and 200% of the original values) each one of the four aerodynamic






3 -, evaluating subsequently the onset velocity of each new com-
bination. The results are summarized in Table 3.2, presenting the impact in percentage on
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the original flutter onset velocity of each arrangement, showing a good agreement with the
scenario proposed in Table 3.1.
Table 3.2: Impact on the onset velocity through sensitivity analysis considering closed form






Of course such a sensitivity analysis lacks the sense of reality, since the independent
manipulation of the aerodynamic derivatives still represents a challenge, due to their inherent
inter-relation (see Section 2.3.2). However, it provides some useful information about the
role each aerodynamic derivative plays individually for the coupled flutter destabilization,
pointing directions for its stabilization process.
3.3 Unsteady Pressure Characteristics
Since the aerodynamic derivatives are numerical indices derived from a physical reality, i.e.
the unsteady pressure characteristics along the bridge deck, it seems to be logical to face the
problem of stability of bridges by looking directly on these unsteady pressure characteristics,
instead of focusing solely on the aerodynamic derivatives.
In this section the relationships between flutter stability and aerodynamic derivatives
are extended to the level of the unsteady pressure characteristics, represented by C˜p(x*) and
ψ(x*), so that the conclusions drawn in Section 3.2 can be translated into this perspective.
By doing so, optimal scenarios of unsteady pressure characteristics are delineated, which can
turn to be a valuable resource in the proposition of better schemes of flutter stabilization
through the manipulation of these unsteady pressure characteristics, by the insertion of
geometric singularities along the bridge deck.
Understanding the impacts these geometric singularities may have on the unsteady
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pressure characteristics along bridge decks is a key point in the mainstream of this thesis,
and subsequent chapters will discuss this theme.
3.3.1 Qualitatively Analysis
In terms of the equations related to the pressure distribution, each aerodynamic derivative
is compounded by a summation of forces or moments along the bridge deck, which are given
by the integrals of the Eq.2.52 to Eq.2.59. Because of the orientation of the normalized







4) take negative sign for the upwind half of the cross-section and positive
sign for its downwind half, Fig.3.1. The pressure components related to the aerodynamic






4 ) are not affected by their location x
∗
on the deck, being dependent only on the unsteady pressure characteristics themselves.
Figure 3.1: Orientation of the normalized coordinate system
It is worth drawing the attention to the fact that even though Fig.3.1 is representing a
single and symmetric bridge deck, these considerations about the influences of the normalized
coordinate system on the values of the aerodynamic derivatives can be extended to any
geometry and arrangement of deck, considering only the location of the rotational pivot of
the whole structure.





4 to the negative side, the upwind side pressure components of these derivatives
should be greater than their downwind side pressure components in Eq.2.52 to Eq.2.59. For
the same reasons, in order to bring them to positive values their downwind side components
should be greater than their upwind side components, and in order to make them zero valued





4 , since they are not affected by x
∗, considerations about side are not necessary.
In the equations for the aerodynamic derivatives, Eq.2.52 to Eq.2.59 in Section 2.3, the
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role played by the unsteady pressure amplitude C˜p(x*) is associated to the modulus of the
integrands, which means that the signs of the derivatives are defined by the value of sin or
cos of the phase difference, accordingly. So the control of the aerodynamic derivatives from
an unsteady pressure characteristics point of view can be obtained by providing suitable
values of phase difference to locations along the cross-section where the amplitude exerts a






4 the effects of the normalized
coordinate system as well.
Assuming, as a simplification, constant values of amplitude C˜p(x*) along the whole deck
and proposing configurations of phase difference distribution ψ(x*) convenient for coupled
flutter stabilization, the influences of ψ(x*) in this process can be emphasized and then
better understood.
In the case of A∗2, which is considered to be one of the most important aerodynamic
derivatives in terms of flutter stabilization, negative values should be pursued. In order to
satisfy this condition through the control of the phase difference ψ(x*) , the torsional system
must exhibit values situated in the range of 0 < ψ(x∗u) < +pi for the upwind side of the deck
and in the range of 0 > ψ(x∗d) > −pi for its downwind side. This may be a first requirement
for a bridge deck design from an unsteady pressure characteristics perspective, and locations
where this requirement is not satisfied must be somehow counterbalanced with measures
in other locations of the bridge deck, whether by increasing the weight of C˜p(x*) in stable
zones or by leading ψ(x*) to more suitable values. Moreover, considering the fact that this
aerodynamic derivative is also dependent on the normalized coordinate x∗, it should be kept
in mind that locations near the edges play greater roles for the definition of its value, in
comparison to locations near the center.
According to the set of aerodynamic derivatives presented in Table 3.1, H∗3 has also to
be taken in consideration in the torsional system. This derivative should have low absolute
values and the values of phase difference ψ(x*) which minimize this aerodynamic derivative
are situated around +pi/2 and −pi/2 for the whole deck. However, this requirement is also
fulfilled for a combination of −pi/2 ≤ ψ(x∗u) ≤ +pi/2 in the upwind half with its nearly
antisymmetric distribution +pi/2 ≥ ψ(x∗d) ≥ −pi/2 in the downwind half of the deck, or
vice-versa.
Also, A∗3 plays relevant role for the stability of the torsional branch, and in order to
bring this derivative to the safety side the phase difference distribution ψ(x*) should have
constant values in modulus along the whole deck.
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Considering these 3 aerodynamic derivatives, a possible configuration for phase differ-
ence distribution that fulfills the requirements proposed in Table 3.1 would be any antisym-
metric configuration with values in the range of 0 ≤ ψ(x∗u) ≤ +pi/2 for the upwind side and
in the range of 0 ≥ ψ(x∗d) ≥ −pi/2 for the downwind side of the deck, according to Fig. 3.2.
Figure 3.2: Stable phase difference ψ(x*) distribution for the torsional system, assuming
constant C˜p(x*) along the body
It is important to keep in mind that this configuration would be the target if the
amplitude C˜p(x*) of the unsteady pressure characteristics could be maintained constant
throughout the whole deck, which does not occur in real bridges. So the real influences of
the proposed configuration of phase difference distribution ψ(x*) will be strongly related to
the values of unsteady pressure amplitude C˜p(x*) at each position x
∗ of the deck, resulting
in that many other possible configurations might be delineated.
Still following the conditions established in Table 3.1, the heaving branch, represented
by A∗1 and H
∗
1 , has also to be considered. By conducting an analysis similar to the one
performed for the torsional system, optimal configurations for the unsteady pressure char-
acteristics of the heaving system can also be obtained. In these configurations, A∗1 re-
quires a pattern similar to the one required by A∗3, and H
∗
1 requires values in the range of
−pi/2 ≤ ψ(x∗) ≤ +pi/2 for the whole deck.
Combining these 2 conditions, the result is any antisymmetric distribution which
presents values in the range of −pi/2 ≤ ψ(x∗) ≤ +pi/2 along the whole deck. Fig.3.3 il-
lustrates some examples.
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Figure 3.3: Some stable phase difference ψ(x*) distributions for the heaving system, assuming
constant C˜p(x*) along the body
The targets for the aerodynamic derivatives can be obtained by several independent
combinations of amplitude C˜p(x*) and phase difference ψ(x*) in each system. However,
since the conclusions presented in Table 3.1 are strongly based on the assumption of the
aerodynamic interdependence (section 2.3.2), the optimal configuration for the unsteady
pressure characteristics of the heaving system must be somehow similar to the one proposed
for the torsional system. Due to the intrinsic relationship between the unsteady pressure
characteristics of both systems [82], responsible for the aerodynamic derivatives dependence,
totally independent scenarios can not be easily obtained; and this should be taken into
account during the design phase of bridge decks.
Integrating the results above into a common solution, it is possible to propose as an
optimal scenario in terms of unsteady pressure characteristics common for both systems the
one proposed for the torsional branch, Fig.3.2, which also stabilizes the heaving branch,
Fig.3.3-a.
3.3.2 Quantitatively Analysis
In order to verify the optimal configurations proposed in this study, flutter analyses were
conducted by combining 3 different values of C˜p(x*) i.e. 0.1, 0.5 and 1.0, constant along the
whole deck, with values of phase difference ψ(x*) varying within the limits of the intervals
proposed previously: in the range of 0 ≤ ψ(x∗u) ≤ +pi/2 for the upwind side and in the range
of 0 ≥ ψ(x∗d) ≥ −pi/2 for the downwind side of the deck. By doing so, the limits for the
qualitatively analysis done in Section 3.3.1 can be verified.
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Initially, for each value of C˜p(x*), two different approaches were taken. In the first
one, same values in modulus with opposite signs for ψ(x*) were adopted along each side of
the deck, keeping the antisymmetry of the distribution (ψ(x∗d) = -ψ(x
∗
u)), Fig.3.4. In the
second approach, for each different value of phase difference ψ(x∗u) presented in the upwind
side, the whole range of phase difference ψ(x∗d) of the downwind side of the deck was tested,
Fig.3.5-a, and vice-versa, Fig.3.5-b.
Figure 3.4: First approach: antisymmetric distribution
Figure 3.5: Second approach: independent values for each side
A preliminary analysis pointed out that the values of ψ(x*) which contribute for flutter
destabilization were located near the boundaries of the proposed intervals. So near the
boundaries a more refined resolution was adopted, by giving steps of 1◦ in the ψ(x*). Steps
of 10◦ were adopted in the intermediate range of values, in order to save analysis effort.
3.3 Unsteady Pressure Characteristics 51
The unsteady pressure characteristics adopted for both heaving and torsional systems
were the same, which leads to the maintenance of the aerodynamic derivatives interde-
pendence. The flutter stability was checked until the wind velocity of 100 m/s by using
the Complex Eigenvalue Analysis, considering a rectangular cylinder with width B=0.30 m,
mass m=2.42 kg/m, mass moment of inertia I=0.0181 Kg.m2/m, torsional natural frequency
fϕ=5.2 Hz, heaving natural frequency fη=4.0 Hz and null structural damping. For compar-
ison purposes, the onset velocity for a flat plate (through Theodorsen function) with the
same structural properties was also evaluated, resulting in a value around 10 m/s.
For the first approach, 48 different combinations of unsteady characteristics were ana-
lyzed, Table 3.3, revealing flutter instability only on the boundaries of the proposed intervals
of phase difference ψ(x*). For ψ(x*)=0◦ flutter was trigged by the torsional branch and for
ψ(x∗u)=90
◦ combined with ψ(x∗d)=-90
◦ by the heaving branch, Fig.3.6.
Table 3.3: First approach - antisymmetric distribution of ψ(x*)
ψ(x∗u) ψ(x
∗
d) C˜p(x*)=0.1 C˜p(x*)=0.5 C˜p(x*)=1.0
0◦ 0◦ unstable unstable unstable
1◦ -1◦ - - -
2◦ -2◦ - - -
3◦ -3◦ - - -
10◦ -10◦ - - -






70◦ -70◦ - - -
80◦ -80◦ - - -
87◦ -87◦ - - -
88◦ -88◦ - - -
89◦ -89◦ - - -
90◦ -90◦ unstable unstable unstable
The antisymmetry in the phase difference ψ(x*) distribution contributes for the re-
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(a) by torsional branch (b) by heaving branch
Figure 3.6: Flutter destabilization
duction of the absolute values of A∗1 and A
∗
3, which brings stabilizing effects in terms of
flutter. However, the variation imposed on ψ(x*) induces a high oscillation in the values
of A∗2 and H
∗
3 , which are also important components in this process, highlighting the whole
these aerodynamic derivatives play for flutter instability.
In the second approach, the number of combinations of unsteady pressure characteris-
tics analyzed was 972, and some of them are illustrated in Table 3.4.
At this time, a more complete panorama is represented, since the aerodynamic deriva-
tives assume a wider range of values. In concordance with the previous approach, the





◦, showed themselves prone to flutter. However, now some
additional conclusions can be extracted from the results, which showed flutter instability also
for combinations of low values of ψ(x∗u) with high values of ψ(x
∗
d) and vice versa, associated
to higher values of C˜p(x*). By visual analysis of Table 3.4, it is noticeable that flutter onset
gets higher when the phase difference ψ(x*) distribution approaches the antisymmetry, and
this effect is even reinforced with the increase of the values of C˜p(x*). From an opposite
point of view, it can be said that the higher the degree of non-antisymmetry, the lower the
onset velocity.
Since in the range of phase difference ψ(x*) distributions verified in this analysis the
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◦ −10◦ −20◦ −30◦ −40◦ −50◦ −60◦ −70◦ −80◦ −90◦
0.1 10.0 m/s - - - - - - - - -
0◦ 0.5 4.5 m/s - - - 77.5 m/s 65.0 m/s 57.0 m/s 52.5 m/s 49.5 m/s 48.5 m/s
1.0 12.5 m/s - 68.5 m/s 50.5 m/s 41.0 m/s 34.5 m/s 30.0 m/s 27.5 m/s 26.0 m/s 25.0 m/s
0.1 - - - - - - - - - -
10◦ 0.5 - - - - - 82.0 m/s 70.0 m/s 63.0 m/s 59.5 m/s 58.0 m/s
1.0 50.5 m/s - 92.0 m/s 76.5 m/s 53.5 m/s 42.5 m/s 36.5 m/s 32.5 m/s 30.5 m/s 30.0 m/s
0.1 - - - - - - - - - -
20◦ 0.5 - - - - - - 91.0 m/s 79.5 m/s 74.0 m/s 72.0 m/s
1.0 33.5 m/s - - - 80.5 m/s 57.5 m/s 46.5 m/s 41.0 m/s 38.0 m/s 37.0 m/s
0.1 - - - - - - - - - -
30◦ 0.5 - - - - - - - - 97.0 m/s 94.0 m/s
1.0 28.0 m/s - - - - 89.5 m/s 65.5 m/s 54.5 m/s 49.0 m/s 47.5 m/s
0.1 - - - - - - - - - -
40◦ 0.5 - - - - - - - - - -
1.0 25.5 m/s 40.5 m/s - - - - - 79.5 m/s 69.0 m/s 66.0 m/s
0.1 - - - - - - - - - -
50◦ 0.5 53.5 m/s - - - - - - - - -
1.0 24.0 m/s 32.5 m/s - - - - - - - -
0.1 - - - - - - - - - -
60◦ 0.5 48.5 m/s 63.0 m/s - - - - - - - -
1.0 24.0 m/s 28.0 m/s - - - - - - - -
0.1 - - - - - - - - - -
70◦ 0.5 46.0 m/s 58.5 m/s - - - - - - - -
1.0 24.0 m/s 26.0 m/s 36.0 m/s - - - - - - -
0.1 - - - - - - - - - -
80◦ 0.5 45.0 m/s 55.5 m/s 70.5 m/s - - - - - - -
1.0 25.0 m/s 26.0 m/s 33.5 m/s - - - - - - -
0.1 - - - - - - - - - 0.5 m/s
90◦ 0.5 45.0 m/s 55.0 m/s 69.5 m/s - - - - - - 0.5 m/s
1.0 26.5 m/s 26.0 m/s 34.0 m/s 45.5 m/s - - - - - 0.5 m/s
aerodynamic derivatives A∗2 and H
∗
3 are kept in their stabilizing zone, the instability associ-
ated to non-antisymmetric distributions of ψ(x*) can be regarded to the effects of the high
absolute values assumed by A∗1 and A
∗
3 in these configurations, which contribute for flutter
destabilization. By keeping the antisymmetry of the phase difference ψ(x*) distribution, the
absolute values of A∗1 and A
∗
3 decrease, creating stabilizing conditions for flutter.
These two approaches, even not being realistic, confirm that flutter stability can be
obtained by keeping the values of phase difference within the limits proposed in Fig.3.2
in both systems. This is not guaranteed for all combinations that may result from that
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condition, but serves as a guideline in the proposition of configurations of unsteady pressure
characteristics for flutter proof bridge decks.
Since it was assumed a constant and continuous distribution for C˜p(x*) throughout the
whole deck, nothing can be said about the importance of the location of the peaks in the
unsteady pressure amplitude C˜p(x*) distribution. This situation is commonly presented in
real bridge decks and impacts substantially on the values of the aerodynamic derivatives. In
order to check for that, a third and a fourth approaches were taken, in which the unsteady
pressure amplitude C˜p(x*) assumed a discretized distribution as a singleton at different lo-
cations along the deck, assuming a value of C˜p(x*)=1.0 spanned for a normalized width of
∆x∗cp= 0.25b, according to Fig.3.7.
Figure 3.7: Cp(x∗) as a singleton
In the first of these two additional propositions, called herein Third Approach, the peaks














u=+0.875, combined with the values of phase difference proper
to each side of the cross-section, 0 ≤ ψ(x∗u) ≤ +pi/2 and 0 ≥ ψ(x∗d) ≥ −pi/2, varying in
steps of 10◦. The number of combinations analyzed was 88, showed in Table 3.5 and Table
3.6 with their resulting flutter onset.
The results show that the flutter onset increases as the peak moves towards the trailing
edge, for all values of phase difference ψ(x*). This effect is maximized in the situation in
which the peak is located in the downwind side of the deck, Table 3.6, in which flutter could
not be detected. This tendency is related to the decreasing of the values of A∗1 and A
∗
3, which
turn negative when the peak is located in the downwind side. The signs of the derivatives H∗2
and H∗3 are also impacted by the side of the section in which the peak is located, since they
are also dependent on the values of phase difference ψ(x*) of each side, which are in different
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Table 3.5: Third approach - peak in the upwind side
ψ(x∗u)
x∗u 0
◦ 10◦ 20◦ 30◦ 40◦ 45◦ 50◦ 60◦ 70◦ 80◦ 90◦
-0.875 0.5 m/s 6 m/s 7.5 m/s 8 m/s 8 m/s 7.5 m/s 7.5 m/s 6.5 m/s 5.5 m/s 4 m/s 0.5 m/s
-0.625 0.5 m/s 6.5 m/s 8.5 m/s 9 m/s 9 m/s 8.5 m/s 8.5 m/s 7.5 m/s 6.5 m/s 5 m/s 0.5 m/s
-0.375 0.5 m/s 7 m/s 10 m/s 11 m/s 11 m/s 11 m/s 10.5 m/s 9.5 m/s 8 m/s 6 m/s 0.5 m/s
-0.125 0.5 m/s 8 m/s 13 m/s 15.5 m/s 16.5 m/s 16.5 m/s 16.5 m/s 15 m/s 13 m/s 11 m/s 0.5 m/s
Table 3.6: Third approach - peak in the downwind side
ψ(x∗d)
x∗d 0
◦ −10◦ −20◦ −30◦ −40◦ −45◦ −50◦ −60◦ −70◦ −80◦ −90◦
+0.125 - - - - - - - - - - -
+0.375 - - - - - - - - - - -
+0.625 - - - - - - - - - - -
+0.875 - - - - - - - - - - -
ranges; however, the influences of their signs on flutter have not been proved relevant.
When the peak is located in the upwind side, the same tendency of destabilization near
the extremities of the interval, 0◦ and 90◦, observed in the previous analyses is repeated. On
the other hand, intermediate values of ψ(x∗u) presented higher onset velocities.
For the Fourth Approach, two peaks in the unsteady pressure amplitude distribution
Cp(x∗) were adopted, one in each side of the deck. The same four locations for the upwind






u=-0.125, were combined one by





u=+0.875. Also, the same intervals of phase difference distri-
bution ψ(x∗u) and ψ(x
∗
d) used in the previous analyses were adopted, totalizing 1600 different
combinations, Table 3.7 to Table 3.10.
Again, combinations near the boundaries of the intervals showed themselves prone to
flutter and symmetric arrangements, this time not only in terms of values of ψ(x*) but also
in terms of location of peaks in the amplitude C˜p(x*) distribution, presented the most stable
configurations.
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◦ −10◦ −20◦ −30◦ −40◦ −50◦ −60◦ −70◦ −80◦ −90◦
0◦ -0.875 0.5 m/s 1 m/s 1.5 m/s 2.5 m/s 3 m/s 3.5 m/s 4.5 m/s 5 m/s 5.5 m/s 6 m/s
-0.625 0.5 m/s 1.5 m/s 2.5 m/s 3.5 m/s 4.5 m/s 5 m/s 6 m/s 7 m/s 7.5 m/s 8.5 m/s
-0.375 0.5 m/s 2.5 m/s 4.5 m/s 6 m/s 8 m/s 9.5 m/s 10.5 m/s 11.5 m/s 12.5 m/s 13.5 m/s
-0.125 19 m/s - - - - - - - - -
10◦ -0.875 4.5 m/s 5 m/s 5.5 m/s 6 m/s 6.5 m/s 7 m/s 7.5 m/s 8 m/s 9 m/s 9.5 m/s
-0.625 5 m/s 6 m/s 6.5 m/s 7.5 m/s 8 m/s 9 m/s 9.5 m/s 10 m/s 11 m/s 11.5 m/s
-0.375 6 m/s 8 m/s 9.5 m/s 10.5 m/s 12 m/s 13 m/s 14 m/s 15 m/s 15.5 m/s 16.5 m/s
-0.125 - - - - - - - - - -
20◦ -0.875 7 m/s 7 m/s 7.5 m/s 8 m/s 8.5 m/s 9 m/s 9.5 m/s 10 m/s 10.5 m/s 11 m/s
-0.625 8 m/s 8.5 m/s 9 m/s 9.5 m/s 10 m/s 11 m/s 11.5 m/s 12 m/s 13 m/s 13.5 m/s
-0.375 10 m/s 11 m/s 12.5 m/s 13.5 m/s 14.5 m/s 15.5 m/s 16.5 m/s 17 m/s 18 m/s 19.5 m/s
-0.125 - - - - - - - - - -
30◦ -0.875 8 m/s 8.5 m/s 8.5 m/s 9 m/s 9.5 m/s 10 m/s 10.5 m/s 11.5 m/s 12 m/s 13 m/s
-0.625 9.5 m/s 10 m/s 10.5 m/s 11 m/s 11.5 m/s 12.5 m/s 13 m/s 14 m/s 14.5 m/s 15.5 m/s
-0.375 12 m/s 13 m/s 14 m/s 15 m/s 16 m/s 17 m/s 18 m/s 19.5 m/s 20.5 m/s 22 m/s
-0.125 - - - - - - - - - -
40◦ -0.875 8.5 m/s 9 m/s 9.5 m/s 10 m/s 10.5 m/s 11 m/s 12 m/s 12.5 m/s 13.5 m/s 14.5 m/s
-0.625 10 m/s 10.5 m/s 11.5 m/s 12 m/s 12.5 m/s 13.5 m/s 14.5 m/s 15.5 m/s 16.5 m/s 18 m/s
-0.375 13.5 m/s 14.5 m/s 15.5 m/s 16.5 m/s 17.5 m/s 19 m/s 20 m/s 21.5 m/s 23 m/s 25 m/s
-0.125 - - - - - - - - - -
50◦ -0.875 9 m/s 9.5 m/s 10 m/s 10.5 m/s 11.5 m/s 12 m/s 13 m/s 14 m/s 15 m/s 17 m/s
-0.625 10.5 m/s 11.5 m/s 12 m/s 13 m/s 13.5 m/s 14.5 m/s 15.5 m/s 17 m/s 18.5 m/s 20.5 m/s
-0.375 14.5 m/s 15.5 m/s 16.5 m/s 18 m/s 19 m/s 20.5 m/s 22 m/s 24 m/s 26 m/s 29 m/s
-0.125 - - - - - - - - - -
60◦ -0.875 9.5 m/s 10 m/s 10.5 m/s 11.5 m/s 12 m/s 13 m/s 14 m/s 15.5 m/s 17.5 m/s 20 m/s
-0.625 11 m/s 12 m/s 12.5 m/s 13.5 m/s 14.5 m/s 16 m/s 17 m/s 19 m/s 21 m/s 24 m/s
-0.375 15 m/s 16.5 m/s 17.5 m/s 19.5 m/s 20.5 m/s 22 m/s 24 m/s 26.5 m/s 29.5 m/s 34 m/s
-0.125 95 m/s - - - - - - - - -
70◦ -0.875 9.5 m/s 10 m/s 11 m/s 12 m/s 13 m/s 14 m/s 15.5 m/s 17.5 m/s 20 m/s 24.5 m/s
-0.625 11.5 m/s 12.5 m/s 13.5 m/s 14.5 m/s 15.5 m/s 17 m/s 19 m/s 21.5 m/s 24.5 m/s 30 m/s
-0.375 15.5 m/s 17 m/s 18.5 m/s 20 m/s 22 m/s 24 m/s 26.5 m/s 30 m/s 34.5 m/s 42.5 m/s
-0.125 96 m/s - - - - - - - - -
80◦ -0.875 9.5 m/s 10.5 m/s 11.5 m/s 12.5 m/s 14 m/s 15.5 m/s 17.5 m/s 20 m/s 25 m/s 35 m/s
-0.625 11.5 m/s 12.5 m/s 14 m/s 15 m/s 16.5 m/s 18.5 m/s 21 m/s 24 m/s 30.5 m/s 43 m/s
-0.375 16 m/s 17.5 m/s 19.5 m/s 21 m/s 23.5 m/s 26 m/s 29.5 m/s 34.5 m/s 42.5 m/s 60.5 m/s
-0.125 99 m/s - - - - - - - - -
90◦ -0.875 10 m/s 11 m/s 12 m/s 13.5 m/s 15 m/s 17 m/s 20 m/s 24.5 m/s 35 m/s 0.5 m/s
-0.625 12 m/s 13 m/s 14.5 m/s 16 m/s 18 m/s 20.5 m/s 24 m/s 30 m/s 43 m/s 0.5 m/s
-0.375 16.5 m/s 18 m/s 20 m/s 22.5 m/s 26 m/s 29 m/s 34 m/s 42.5 m/s 60.5 m/s 1 m/s
-0.125 - - - - - - - - - 0.5 m/s
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◦ −10◦ −20◦ −30◦ −40◦ −50◦ −60◦ −70◦ −80◦ −90◦
0◦ -0.875 0.5 m/s 3.5 m/s 5.5 m/s 7.5 m/s 8.5 m/s 9.5 m/s 10 m/s 10.5 m/s 11 m/s 11 m/s
-0.625 0.5 m/s 6 m/s 10 m/s 12 m/s 13.5 m/s 14.5 m/s 15 m/s 15.5 m/s 16 m/s 16.5 m/s
-0.375 15.5 m/s - - - - - - - 97.5 m/s 95.5 m/s
-0.125 - - - - - - - - - -
10◦ -0.875 6.5 m/s 8 m/s 9 m/s 10 m/s 10.5 m/s 11 m/s 11.5 m/s 12 m/s 12.5 m/s 13 m/s
-0.625 9 m/s 11.5 m/s 13.5 m/s 14.5 m/s 15.5 m/s 16.5 m/s 17 m/s 17.5 m/s 18 m/s 18.5 m/s
-0.375 84 m/s - - - - - - - - -
-0.125 - - - - - - - - - -
20◦ -0.875 9 m/s 10 m/s 10.5 m/s 11 m/s 11.5 m/s 12.5 m/s 13 m/s 13.5 m/s 14 m/s 14.5 m/s
-0.625 12.5 m/s 14 m/s 15.5 m/s 16 m/s 17 m/s 17.5 m/s 18.5 m/s 19 m/s 20 m/s 20.5 m/s
-0.375 - - - - - - - - - -
-0.125 - - - - - - - - - -
30◦ -0.875 10 m/s 11 m/s 11.5 m/s 12 m/s 12.5 m/s 13.5 m/s 14 m/s 14.5 m/s 15.5 m/s 16 m/s
-0.625 14.5 m/s 15.5 m/s 16.5 m/s 17.5 m/s 18 m/s 19 m/s 20 m/s 20.5 m/s 22 m/s 23 m/s
-0.375 - - - - - - - - - -
-0.125 - - 90 m/s - - - - - - -
40◦ -0.875 11 m/s 11.5 m/s 12 m/s 13 m/s 13.5 m/s 14 m/s 15 m/s 16 m/s 17 m/s 18.5 m/s
-0.625 15.5 m/s 16.5 m/s 17.5 m/s 18 m/s 19 m/s 20 m/s 21.5 m/s 22.5 m/s 24 m/s 26 m/s
-0.375 - - - - - - - - - -
-0.125 - - 86.5 m/s - - - - - - -
50◦ -0.875 11.5 m/s 12 m/s 12.5 m/s 13.5 m/s 14.5 m/s 15 m/s 16 m/s 17.5 m/s 19 m/s 21 m/s
-0.625 16 m/s 17 m/s 18 m/s 19 m/s 20 m/s 21.5 m/s 23 m/s 24.5 m/s 26.5 m/s 29.5 m/s
-0.375 - - - - - - - - - -
-0.125 - - 85.5 m/s - - - - - - -
60◦ -0.875 11.5 m/s 12.5 m/s 13 m/s 14 m/s 15 m/s 16 m/s 17.5 m/s 19 m/s 21.5 m/s 24.5 m/s
-0.625 16.5 m/s 17.5 m/s 18.5 m/s 20 m/s 21.5 m/s 23 m/s 25 m/s 27 m/s 30 m/s 34.5 m/s
-0.375 - - - - - - - - - -
-0.125 - - 87 m/s - - - - - - -
70◦ -0.875 12 m/s 12.5 m/s 13.5 m/s 15 m/s 16 m/s 17.5 m/s 19 m/s 21.5 m/s 25 m/s 30 m/s
-0.625 16.5 m/s 18 m/s 19.5 m/s 21 m/s 22.5 m/s 24.5 m/s 27 m/s 30.5 m/s 35 m/s 42.5 m/s
-0.375 94.5 m/s - - - - - - - - -
-0.125 - - 90.5 m/s - - - - - - -
80◦ -0.875 12 m/s 13 m/s 14 m/s 15.5 m/s 17 m/s 19 m/s 21.5 m/s 25 m/s 30.5 m/s 43 m/s
-0.625 17 m/s 18.5 m/s 20 m/s 22 m/s 24 m/s 26.5 m/s 30 m/s 35 m/s 43 m/s 61 m/s
-0.375 91.5 m/s - - - - - - - - -
-0.125 - - 96 m/s - - - - - - -
90◦ -0.875 12 m/s 13.5 m/s 15 m/s 16.5 m/s 18.5 m/s 21 m/s 24.5 m/s 30 m/s 43 m/s 0.5 m/s
-0.625 17 m/s 19 m/s 21 m/s 23.5 m/s 26 m/s 29.5 m/s 34.5 m/s 42.5 m/s 60.5 m/s 0.5 m/s
-0.375 91 m/s - - - - - - - - 1 m/s
-0.125 - - - - - - - - - 1.5 m/s
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◦ −10◦ −20◦ −30◦ −40◦ −50◦ −60◦ −70◦ −80◦ −90◦
0◦ -0.875 0.5 m/s 9 m/s 12.5 m/s 14.5 m/s 16.5 m/s 16 m/s 16.5 m/s 16.5 m/s 17 m/s 17 m/s
-0.625 15.5 m/s - - - - - - - 95.5 m/s 94.5 m/s
-0.375 - - - - - - - - - -
-0.125 - - - - - - - - - -
10◦ -0.875 11 m/s 13.5 m/s 15 m/s 16 m/s 16.5 m/s 17 m/s 17.5 m/s 18 m/s 18.5 m/s 19 m/s
-0.625 - - - - - - - - - -
-0.375 - 95 m/s 97.5 m/s - - - - - - -
-0.125 - - - - - - - - - -
20◦ -0.875 14 m/s 15.5 m/s 16.5 m/s 17 m/s 18 m/s 18.5 m/s 19 m/s 19.5 m/s 20 m/s 21 m/s
-0.625 - - - - - - - - - -
-0.375 - 82.5 m/s 97.5 m/s - - - - - - -
-0.125 - - - - - - - - - -
30◦ -0.875 15.5 m/s 16.5 m/s 17 m/s 18 m/s 18.5 m/s 19.5 m/s 20.5 m/s 21 m/s 22 m/s 23.5 m/s
-0.625 - - - - - - - - - -
-0.375 92 m/s 80 m/s 99.5 m/s - - - - - - -
-0.125 - - - - - - - - - -
40◦ -0.875 16 m/s 17 m/s 18 m/s 19 m/s 19.5 m/s 20.5 m/s 21.5 m/s 23 m/s 24.5 m/s 26 m/s
-0.625 - - - - - - - - - -
-0.375 76 m/s 80 m/s - - - - - - - -
-0.125 - - 93.5 m/s - - - - - - -
50◦ -0.875 16.5 m/s 17.5 m/s 18.5 m/s 19.5 m/s 20.5 m/s 22 m/s 23 m/s 25 m/s 27 m/s 29.5 m/s
-0.625 - - - - - - - - - -
-0.375 69.5 m/s 81 m/s - - - - - - - -
-0.125 - - 90 m/s - - - - - - -
60◦ -0.875 17 m/s 18 m/s 19 m/s 20.5 m/s 21.5 m/s 23 m/s 25 m/s 27.5 m/s 30.5 m/s 34.5 m/s
-0.625 - - - - - - - - - -
-0.375 70.5 m/s 82.5 m/s - - - - - - - -
-0.125 - - 89 m/s - - - - - - -
70◦ -0.875 17 m/s 18.5 m/s 19.5 m/s 21 m/s 23 m/s 25 m/s 27.5 m/s 30.5 m/s 35 m/s 42.5 m/s
-0.625 97 m/s - - - - - - - - -
-0.375 72 m/s 85 m/s - - - - - - - -
-0.125 - - 91 m/s - - - - - - -
80◦ -0.875 17.5 m/s 18.5 m/s 21 m/s 22 m/s 24.5 m/s 27 m/s 30.5 m/s 35 m/s 43 m/s 60.5 m/s
-0.625 93 m/s - - - - - - - - -
-0.375 74.5 m/s 88 m/s - - - - - - - -
-0.125 - - 95.5 m/s - - - - - - -
90◦ -0.875 17.5 m/s 19 m/s 26 m/s 23.5 m/s 26 m/s 29.5 m/s 34.5 m/s 42.5 m/s 60.5 m/s 1.5 m/s
-0.625 92 m/s - - - - - - - - 0.5 m/s
-0.375 78 m/s 93 m/s - - - - - - - 0.5 m/s
-0.125 - - - - - - - - - 0.5 m/s
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◦ −10◦ −20◦ −30◦ −40◦ −50◦ −60◦ −70◦ −80◦ −90◦
0◦ -0.875 19 m/s - - - - - - - 95.5 m/s 94 m/s
-0.625 - - - - - - - - - -
-0.375 - - - - - - - - - -
-0.125 - - - - - - - - - -
10◦ -0.875 - - - - - - - - - -
-0.625 - 87 m/s - - - - - - - -
-0.375 - - - - - - - - - -
-0.125 - - - - - - - - - -
20◦ -0.875 - - - - - - - - - -
-0.625 76 m/s 87 m/s - - - - - - - -
-0.375 - 96.5 m/s 96 m/s - - - - - - -
-0.125 - - - - - - - - - -
30◦ -0.875 - - - - - - - - - -
-0.625 72.5 m/s 90 m/s - - - - - - - -
-0.375 - 85 m/s 91.5 m/s - - - - - - -
-0.125 - - - - - - - - - -
40◦ -0.875 - - - - - - - - - -
-0.625 73 m/s 91.5 m/s - - - - - - - -
-0.375 - 80 m/s 90 m/s - - - - - - -
-0.125 - - 98 m/s - - - - - - -
50◦ -0.875 - - - - - - - - - -
-0.625 74.5 m/s 91.5 m/s - - - - - - - -
-0.375 87 m/s 78 m/s 90.5 m/s - - - - - - -
-0.125 - - 93 m/s - - - - - - -
60◦ -0.875 - - - - - - - - - -
-0.625 75 m/s 91.5 m/s - - - - - - - -
-0.375 80 m/s 78.5 m/s 92.5 m/s - - - - - - -
-0.125 - - 91.5 m/s - - - - - - -
70◦ -0.875 - - - - - - - - - -
-0.625 76.5 m/s 92.5 m/s - - - - - - - -
-0.375 76.5 m/s 80.5 m/s 95.5 m/s - - - - - - -
-0.125 - - 92.5 m/s - - - - - - -
80◦ -0.875 - - - - - - - - - -
-0.625 78.5 m/s 94 m/s - - - - - - - -
-0.375 76 m/s 83.5 m/s - - - - - - - -
-0.125 - - 96 m/s - - - - - - -
90◦ -0.875 92.5 m/s - - - - - - - - 2.5 m/s
-0.625 81.5 m/s 97.5 m/s - - - - - - - 0.5 m/s
-0.375 77.5 m/s 89 m/s - - - - - - - 0.5 m/s
-0.125 - - - - - - - - - 0.5 m/s
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Comparing the onset velocities obtained through this approach with the results re-
ported in Table 3.5 and Table 3.6, it can be perceived that the existence of two peaks of
unsteady pressure amplitude, one in each side of the cross-section, has a great impact on
the stabilization of flutter. While only one peak in the upwind side conducts to flutter onset
velocities comparable to the one presented by the theoretical flat plate case, around 10 m/s,
the addition of one more peak in the downwind half of the deck brings beneficial effects to
the system, increasing considerably the value of the onset velocity. However, from a con-
trary perspective, the presence of a peak in the upwind side brings destabilizing effects to
configurations with only one peak in the downwind side.
It should be reminded that these configurations are hypothetical situations; however,
they draw the attention to the potential stabilizing effects of peaks in the downwind side
and destabilizing effects of peaks in the upwind side.
Putting the focus on the location of the peak of the amplitude C˜p(x*) distribution of
the upwind side, it is perceived from the results that the stability is increased as the peak
moves towards the center of the cross-section, and that the usual configuration with a peak
near the leading edge is more susceptible to flutter. In order to stabilize this configuration,
the peak in the downwind half of the deck should be located as close as possible to the
trailing edge, resulting in symmetric locations for the peaks. This tendency is presented
for all combinations of ψ(x∗u) and ψ(x
∗
d), showing stabilizing effects as their absolute values
increase.
If the focus is changed to the position of the peak of C˜p(x*) of the downwind half
of the deck, this behavior is partially confirmed. Although as a general tendency flutter
stability is increased as the peak moves towards the trailing edge, and this stability seems
to be even more prominent when the peak in the upwind half moves to the center, in the
middle range of ψ(x*) the tendency is that the more symmetrical the locations of the peaks,
the higher the onset velocity. This result confirms that the symmetry of both location of
peaks of amplitude C˜p(x*) and absolute values of phase difference ψ(x*), provided they are
in the ”safe range”, improves the flutter stability.
Analyzing the results from an aerodynamic derivatives point of view, nothing can be
said about the effects related to the values of H∗1 and H
∗
3 , since the variation of the location of
peaks of Cp(x∗) along each half of the cross-section has no influence on them. However, this
symmetry has a major impact on the values of A∗1 and A
∗
3, tending to minimize their absolute
values. For configurations with the peak of C˜p(x*) near the leading edge in the upwind side
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and near the center of the cross-section in the downwind side, this symmetry is lost and the
values of these two aerodynamic derivatives tend to become positive. As a consequence, the
stabilizing effects of the negative values presented by A∗2 seem to be overcome, and flutter
tends to arise at lower wind velocities. As the peak of the upwind side moves to the center
and the peak of the downwind side moves to the trailing edge, the signs of A∗1 and A
∗
3 turn
negative, resulting in stabilizing effects for flutter.
3.4 Concluding Remarks
The proposition of this chapter was to study the flutter stabilization problem from an
unsteady pressure characteristics perspective, instead of the usually adopted aerodynamic
derivatives point of view. By considering the influences of each aerodynamic derivative on
the flutter onset, it was possible to identify patterns of unsteady pressure characteristics
that contribute for the stabilization of flutter in bridge decks, i.e. optimal unsteady pressure
characteristics.
The configurations presented in this study are extreme situations and some of them can
not be obtained in practical terms. However, they provide valuable hints for the definition
of stable patterns of unsteady pressure characteristics along the deck and can be a guideline
in the definition of the cross-sections.
Based on analysis results, some guidelines could be proposed in terms of unsteady
pressure characteristics, as the antisymmetric distribution of phase difference ψ(x*), which
should be kept within the limits of 0 ≤ ψ(x∗u) ≤ +pi/2 for the upwind side of the deck and
0 ≥ ψ(x∗d) ≥ −pi/2 for its downwind side. Also, moving the peaks of unsteady pressure
amplitude C˜p(x*) to downstream was found to provide more stable configurations, and in
an extreme situation, in which only one peak is presented in the downwind side of the deck
flutter, is not developed. These considerations are valid not only for single box girders, but
also for any kind of arrangement, like multi-box girders, grating girders, etc.
The important role played by the aerodynamic A∗1 could be verified, since the desta-
bilization was always associated to the impacts of the unsteady pressure characteristics on
this derivative. As a consequence, since the derivatives dependence was kept, variations in
the value of A∗3 could also be related to the occurrence of flutter. However, it should be
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reminded that the sensitivity of flutter on these two aerodynamic derivatives is dependent
on the maintenance of negatives values for A∗2.
The aerodynamic derivatives interdependence holds for streamlined cross-sections;
however, as already discussed in Chapter 2, it can not be fully verified for all kinds of
geometry, which means that some of the ”stability boundaries” proposed in this chapter
can be relaxed, considering independently the torsional and heaving systems. The approach
presented in this chapter assumes a full interdependence with the objective of simplifying the
development of the concept. Further investigations are necessary in order to cover the cases
in which the aerodynamic derivatives interdependence is not completely held, as it usually
occurs when geometric singularities are installed along the deck. In the following chapters
it will be shown that the use of geometric singularities indeed deforms this interdependence,
and how this deformation can be used in advantage for flutter stabilization is an issue that
remains to be addressed.
In this sense, strategies for the control of the unsteady pressure characteristics along
bridge deck surfaces are valuable and the next step in the present research should be the
identification of methods for obtaining these patterns in real bridge decks, through the
control with the use of geometric singularities. The following chapters will discuss that in
more details, so that the influences of the geometry of the bridge deck and its relationship
with the oncoming flow on its inherent unsteady pressure characteristics can be addressed.
The objective is to provide tools for bridge designers to properly manipulate the amplitude
C˜p(x*) and phase difference distribution ψ(x*) along the deck, through the proposition of
proper geometric configurations, aiming flutter stabilization.
Chapter 4
Unsteady Pressure Characteristics of
Modified Rectangular Cylinders
4.1 Introduction
Changing the focus from the aerodynamic derivatives to the unsteady pressure characteristics
in bridge decks, as proposed in the introduction of this thesis, brings the need for a better
understanding of the mechanisms involved in the definition of these characteristics, including
the way they are related to the oncoming flow and to the geometric properties of the bridge
deck itself. By exerting control over the combination of amplitude and phase difference
of the unsteady pressure field around the bridge deck, a more rational control over the
aerodynamic derivatives can be obtained, which undoubtedly leads to better schemes of
flutter stabilization.
Although no conclusive study considering the relationships between geometric charac-
teristics of bridge decks and their intrinsic unsteady pressure characteristics has been pub-
lished by the date, theories based on the analyses done independently by Theodorsen [47]
and Ku¨ssner [83], who solved the problem of unsteady pressure characteristics for a thin flat
plate submitted to incompressible and inviscid two-dimensional flow, and also on the analy-
ses of this kind of problem done by Ka`rma`n & Sears [84] have been used as starting points
for more refined mathematical models concerning the unsteady pressure characteristics of
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airfoils [85, 86, 87, 88, 89, 90, 91, 92]. Through those studies, the concepts of circulatory and
non-circulatory flows, potential flow and their applicability for such cross-sections have been
expanded and extended to more general cases, serving as base for investigations on bridge
decks [93, 94].
Among those works, based on a simplified method for the calculation of the pressure
distribution around steady airfoils presented by Allen [95] in 1939, McCroskey [96] developed
a method to evaluate the flow field around unsteady airfoils considering thickness and camber,
proposing the use of a ”modified Theodorsen function”, which was validated through pressure
measurements. Moreover, the author related the dynamic delay in the laminar boundary-
layer separation on oscillating airfoils to the phase difference presented at the leading edge.
Concerning the phase difference, Yoshiki et al. [97], by using a static airfoil submitted
to a periodically fluctuating air flow in wind tunnel tests, pointed out that the values of
phase difference between pressure and flow velocity fluctuations could not be well predicted
by thin flat plate theories [47, 84], not even for airfoils. The reasons for that were found
to be related to the thickness inherent to those bodies. However, it was verified that for
great values of reduced frequency k there was a tendency towards a convergence between
the theoretically predictable through flat plate theory and the experimentally verifiable for
airfoils, with the influence of this parameter increasing with the increase of the angle of
attack.
For the estimation of the unsteady pressure characteristics distribution of bridge decks,
it should be considered the development of special methods, focusing on small values of
reduced frequency k and taking into account the inherent bluffness and possible geometric
singularities (flow separation points, gaps, gratings, etc) such a kind of bluff body may have.
The approaches for such studies should be based mostly on wind tunnel experiments and
on CFD simulations, searching for relationships between geometry and unsteady pressure
characteristics, so that an insight on the flow field around the structure can be obtained.
Alternative techniques such as neural networks had already been successfully tried with
other kinds of structures [98, 99] and may also provide good results for the case of bridges.
From assumptions based on that knowledge it may be possible to propose extensions of the
classical flat plate theories to be used with bridge decks.
In general lines, Matsumoto et al. [82] have suggested a model for an equivalent
Theodorsen function based on an ”inverse analysis” approach, by using rectangular cylinders.
Although no consideration about the calculation of the coefficients of such equation was
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provided, this framework might serve as starting point for the development of a generic
equivalent Theodorsen function to be used with bridge decks. Nevertheless, such a kind of
approximation may incur in errors in the modeling of the aerodynamic forces [12].
In this chapter, through a study based on wind tunnel experiments conducted with
B/D=20 rectangular cylinders as base geometry, a calculation framework to be used in the
estimation of the unsteady pressure characteristics of bluff bodies is proposed. In this initial
stage, the framework is restricted to the reproduction of the unsteady pressure characteristics
of rectangular cylinders. It consists of predefined equations whose variable parameters,
dependent on geometric characteristics, are isolated in empirical coefficients and related
to the aerodynamic characteristics of the system body-flow. In the following chapters the
approach will be better investigated, by considering the impacts on the unsteady pressure
characteristics of geometric singularities along the cylinders, such as detachments points and
slots.
By using such a framework in a more advanced stage of development and already
adapted to generic cross-sections, the aerodynamic derivatives can be evaluated by using
coefficients obtained analytically, so that the flutter analysis can be performed, making
possible a preliminary assessment of the feasibility of some proposed geometry of bridge
deck. So possessing this tool, a priori, the bridge deck designer would be able to have an
insight on the tendency of a proposed bridge deck geometry to present flutter or not, and
make the necessary geometric improvements before going to wind tunnel tests.
In order to achieve that stage, a first step should be given, by proposing the framework
and proving it efficient in reproducing known unsteady pressure characteristics; and that is
the objective of this chapter. Future extensions are expected, which means that this study
is not a closed subject, but it is introduced as a novel approach for the problem of the flutter
stability assessment.
4.2 Some background
Differently from aerodynamic cross-sections, i.e. airfoils, in which the flow follows the con-
tours of the body, bluff bodies exhibit a separation of boundary layer, whose characteristics
are highly related to the Reynold‘s number of the local flow conditions, Fig.4.1. This sep-
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aration occurs when the velocity of the boundary layer approaches zero and the wind flow
detaches itself from the surface of the body, originating vortices that will interact with the
free layer flow.
(a) Airfoil (b) Bluff Body
Figure 4.1: Flow field around bodies - boundary layer
The contours of the flow field are usually defined by a flow stagnation point in the
front, a shear layer separation and a possible reattachment on the side surface [100], Fig.4.2.
As important consequences of such a pattern, there is an increasing in the drag forces,
due to a small pressure recovery region usually presented in the afterbody [100], and the
arising of the Ka`rma`n vortices, which will be shed periodically into the wake, Fig.4.3, in a
frequency that leads to resonance in case it is close to the natural frequency of the body. The
characteristics of this vortex shedding are dependent on the Reynold‘s number of the fluid
[101] and keeps the balance of the change of the fluid momentum along the body surface,
affecting the aerodynamic loads of the whole body [102].
Figure 4.2: Flow field around bluff body
Such a phenomenon may take the forms of very complex equations when brought to
the mathematical reality. Techniques of flow visualization, as the use of smoke and oil
misty, allied to measurements of the unsteady pressure distribution around the oscillating
bodies, help in tracing relationships between separated shear flow and aerodynamic forces
[45], providing good insights on the physics around bluff bodies.
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Figure 4.3: Ka`rma`n street
The whole process is strongly influenced by the turbulence characteristics of the flow,
which changes considerably the aerodynamic forces imposed on the body. Depending on the
shape of the body, both stabilizing and destabilizing effects may occur, through a transfer
of energy between modes which is dependent on the turbulence correlation length [103].
However, since this study is conducted by considering smooth flow, the turbulence effects
will not be discussed extensively herein.
One important feature of such a fluid-body interaction, in terms of unsteady pressure
characteristics, is that flow separation points induce an amplification on the amplitude of the
fluctuating pressure, imposing modifications on the phase difference, which becomes smaller
(goes to the ”negative direction”, in the notation of the present study) in accelerating regions
and larger in decelerating regions in the chord direction [104]. Primarily, the phase difference
is considered independent of the fluctuating amplitudes and is recognized to be responsible
for the aerodynamic instabilities the structures may experience, mainly when small values
are assumed by it [29].
Depending on the flow conditions and on the body length, the flow may reattach or
not, in a distance from the leading edge, xR in Fig.4.4, that oscillates along the time around
an average position on the body‘s surface. In smooth flows this position coincides with the
maximum RMS pressure levels [105] and with a positive peak in the skewness distribution
[106], found to be around 4.4D (where D is the thickness of the plate) in experiments with
flat plates. In the separation bubble, upstream the reattachment point, the mean pressures
present high negative values, experiencing the largest peak pressures.
For rectangular cylinders, the comparison between the unsteady pressure characteristics
obtained through heaving and torsional forced oscillations in terms of unit angle of attack
shows a high degree of similarity and the unsteady pressure characteristics of both systems
can be considered almost identical [3]. In the case of bridge decks, the degree of similarity
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Figure 4.4: Separation bubble and reattachment point
will depend on the shape of the cross-section of the bridge in study, and by observing the
wind tunnel tests results reported in [4, 32, 107] it is noticeable that the more complex
the geometry is, in terms of presence of geometric singularities as flow separation points,
presence of fairings and slots, the less similar the unsteady pressure characteristics are.
Since the aerodynamic derivatives interdependence is related to these similarities, a
good approach for breaking the former must be related to strategies for deforming the latter.
So a key point in this process is the understanding of the geometric factors in bridge decks
which can make that feasible.
The unsteady pressure characteristics related to rectangular cylinders seem to follow
a pattern of distribution that can be considered independent of the width of the body,
appearing to be more related to the detachment point than to the body itself. Downstream
the flow separation point provided by the leading edge, the unsteady pressure characteristics
develop themselves regardless the width they still have to span along the cross-section,
resulting in that the unsteady pressure characteristics of rectangular cylinders with different
side ratios can be superimposed from the leading edge, as shown in Fig.4.5.
By observing Fig.4.5, it is possible to verify that the distance from the peak of the
unsteady pressure amplitude C˜p(x*) to the leading edge barely changes with the increase of
the side ratio B/D. Based on that, it is natural to conclude that the upstream side of the
cross-section gains importance in the definition of the aerodynamic derivatives of rectangular
cylinders, which are illustrated in Fig.4.6, as their side ratios increase.
In order to illustrate this feature, the aerodynamic derivatives obtained from torsional
motion are examined and the results are reported in Fig.4.7, which was constructed by using
the data obtained from [4]. In this figure, the vertical axes represent in percentage values the
contribution of the upwind side of the cross-section for the definition of each aerodynamic
derivative at every wind reduced velocity (horizontal axes). As expected, with the increase
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Figure 4.5: Unsteady pressure characteristics of rectangular cross-sections in torsional motion
with different side ratios B/D at 10 m/s, U/f.B=18.7 (adapted from [3])
of the side ratio the contribution of the upwind side also increases, and in the limit of an
infinite side ratio B/D, all derivatives show the tendency to be defined solely by the upwind
side of the cross-section; this is concluded by checking that the contribution approaches
100% as the side ratio increases. In the quasi-steady limit there seems to be stabilization at
a different value for every different side ratio, which results in that the larger the side ratio
becomes the higher the contribution of the upwind side will be. The same investigation was
also performed for the heaving motion, leading to similar conclusions.
The relationships between this polarization and the side ratio B/D, in terms of resulting
values of aerodynamic derivatives, will depend on the phase difference ψ(x*) and on the
magnitude of the peak of the amplitude C˜p(x*) near the leading edge, which are thought to
be highly dependent on the characteristics of the leading edge itself. In the case of the A∗i
aerodynamic derivatives, the effects of the normalized coordinate x∗, which is also affected
by the increasing of the side ratio, should be taken into account in such analyses.
As already mentioned, flow separation points induce a peak in C˜p(x*) causing a re-
duction (becoming more negative) in the phase difference ψ(x*) due to the accelerating flow.
Because of that, the importance of the leading edge in the definition of the unsteady pressure
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Figure 4.6: Aerodynamic derivatives for rectangular cylinders with side ratio B/D=5 to 20
(adapted from [4])
characteristics and, consequently, of the aerodynamic derivatives of rectangular cylinders is
emphasized.
Modifications in the leading edge of bridge decks, as the attachment of fairings, have
been recognized to be a good strategy for flutter stabilization, when they are able to reduce
the flow separation and consequently lead to a prevention of the growth of the separation
bubble responsible for producing exciting forces for flutter [108]. Different leading edges have
been proved to have different effects on the streamlines around the bridge deck [109] and the
efficiency of such a device in mitigating aerodynamic instabilities was found to be dependent
on the original cross-section of the deck. Triangular fairings became very popular, but other
geometries, as elliptical and circular shapes, have also provided good results [110] in flutter
stabilization. However, a deterministic and optimal solution could not be established yet.
The visualization of the differences imposed by the different possibilities of leading
edges through the resulting unsteady pressure characteristics of the deck may lead to a
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(a) A∗2 (b) A
∗
3
(c) H∗2 (d) H
∗
3
Figure 4.7: Contribution of the upwind side of the cross-section for the definition of the
aerodynamic derivatives (adapted from [4])
better understanding of the relationships between leading edges, bridge geometry and flutter
stabilization. Many research works already tried to trace some of these dependences [108,
109, 110, 111, 112], as showing for example that the adjustment of the separation of the flow,
turning the cross-section to be a more streamlined shape, is better attained when the edge
of the fairing coincides with the stagnation point of the original cross-section [109], and this
can be a guideline in the design of the fairings.
In the context of the this research, the different configurations of unsteady pressure
characteristics obtained by using different leading edges can be used in advantage. By
changing only one parameter per turn, i.e. the leading edge, and keeping the same base
cross-section, i.e. rectangular cylinders, it is possible to compare the resulting unsteady
pressure characteristics and identify the common patterns inherent to the flow field around
the base cross section, so that they can be isolated in a basic formulation. The parameters
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of this formulation should be related to each different type of leading edge, which modifies
the equations to mimic the behavior of a particular configuration of leading edge. The
understanding of the factors involved in the definition of the basic formulation should provide
information to be used in the development of the common framework proposed herein.
The following sections of this chapter will be developed considering that feature, with
the main purpose of investigating the relationships concerning unsteady pressure character-
istics in different geometries of bluff bodies, without the pretension of solving the problems
related to leading edges. However, some parameters related to each leading edge investi-
gated herein will be generated, and these parameters can be considered a starting point for
an effort to be developed in the future, focused on gathering such parameters for a wider
range of types of leading edges, as an extension of the current research.
4.3 The Approach
The investigations were carried out based on wind tunnel test results, which were conducted
by using a rectangular cylinder with side ratio B/D=20 in four different configurations: no
fairing in the leading edge (NF), corner up leading edge (CU), corner down leading edge
(CD) and semi-circular leading edge (SC), Fig.4.8. The procedures adopted for the wind
tunnel tests are described in Appendix A and the models are identified by the code of their
leading edges (NF, CU, CD and SC) throughout this study.
Figure 4.8: Leading edges
The analyses are performed with the objective of identifying patterns among the results,
concerning the unsteady pressure characteristics of the models. These patterns are separated
into two main classes: the ones related to the base cross-section, i.e. B/D=20 rectangular
cylinders, and the ones related to each different leading edge. The former set of patterns
should be expected to be similar throughout all configurations of models (with different
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leading edges), resulting in that generic formulations to be used in the estimation of the
unsteady pressure characteristics along bluff bodies can be proposed.
These generic formulations are designed to account for the influences of the different
leading edges through coefficients obtained empirically from the latter set of patterns. At
this moment, the objective is the proposition of the equations themselves, that should be
proved efficient in the reproduction of known unsteady pressure characteristics, obtained in
this study through wind tunnel tests.
The empirical coefficients are used with the purpose of abbreviating the process of the
proposition of the formulation, fitting the estimations provided by it to the experimental
data. As a consequence, an initial set of values is generated, which should be used as base
for the proposition of analytical formulations for their estimation. The similarities between
them can be used for the classification of the leading edges, helping in the development of
the proposed framework.
The main purpose of using different leading edges at this time is to obtain different
patterns to be analyzed. In this sense, the fact that the cases CD and CU induce different
unsteady pressure characteristics in the upper and in the lower surfaces of the models, due
to the asymmetry of the leading edges, can be neglected.
In Fig.4.10 the unsteady pressure characteristics of the rectangular cylinder without
fairing (NF) are given, while the configurations with fairings are reported in Fig.4.11 to
Fig.4.13. From a qualitatively point of view, it is possible to confirm that all configurations
follow similar patterns, more or less ”deformed” according to the leading edge and to the
reduced wind velocity; also, in a major extent, similarities between torsional and heaving
systems can be identified.
Although the focus of this investigation is on the unsteady pressure characteristics, the
aerodynamic derivatives related to each case were evaluated according to Section 2.3.1 and
are reported in Fig.4.9. The results are not intended to be conclusive in terms of influences
of the leading edge on the aerodynamic derivatives, but they show differences, confirming
the importance of understanding their effects.
The variations presented in the results highlight the differences existent in terms of
aerodynamics and a deeper investigation considering them can provide valuable information
about the aerodynamic phenomena in bluff bodies. In this sense, it is perceived that not
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Figure 4.9: Aerodynamic derivatives of B/D=20 rectangular cylinders with different leading
edges
only the separation of the flow near the leading edge is affected by the presence of different
fairings, but also the whole development of the unsteady pressure characteristics along the
body is. The detachment of the flow provided by the leading edge generates a perturbation
around the body, inducing pressure fluctuations. The energy regarding this perturbation
can be directly related to the characteristics of the unsteady pressures amplitude C˜p(x*)
distribution, represented by the magnitude and location of its peak, and to the characteristics
of the phase difference ψ(x*) distribution.
By visual analysis, it is possible to confirm that the location of the peak in the ampli-
tude C˜p(x*) distribution is somehow interconnected with the location of the first inflection
point in the positive zone of the phase difference ψ(x*) distribution. With the increase of
the reduced wind velocity, there is a broadening of the base of the C˜p(x*) and ψ(x*) distri-
butions, which can be related to the size of the waves developed along the body‘s surface
and finally regarded to the energy involved in the interactions.
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(a) Heaving
(b) Torsion
Figure 4.10: Unsteady pressure characteristics of B/D=20 rectangular cylinders
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(a) Heaving
(b) Torsion
Figure 4.11: Unsteady pressure characteristics of B/D=20 rectangular cylinders with CU
fairing
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(a) Heaving
(b) Torsion
Figure 4.12: Unsteady pressure characteristics of B/D=20 rectangular cylinders with CD
fairing
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(a) Heaving
(b) Torsion
Figure 4.13: Unsteady pressure characteristics of B/D=20 rectangular cylinders with SC
fairing
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From the assumptions above, it seems to be logical to build relationships between
leading edge and unsteady pressure characteristics, defined by phase difference ψ(x*) and
amplitude C˜p(x*) distributions, developed along the afterbody. The discussions about this
theme can include formulations based on Navier-Stokes, visualization of flow and complex
theories and propositions, which still can not predict completely these interactions in a simple
way. However, in this study the focus will be put on simple direct relationships between
geometry and unsteady pressure characteristics, taking into account of course the fundaments
of fluid mechanics. Mathematical considerations will be abbreviated and, by using the data
corresponding to Fig.4.10 to Fig.4.13, the following sections will deal with the proposition of
semi-empirical formulations to be used in the estimation of both phase difference ψ(x*) and
amplitude C˜p(x*) distributions along the surface of bluff bodies, using a rectangular cylinder
as a base geometry. The purpose of this proposition is to provide an initial framework
to be extended to cover generic bridge cross-sections, towards the development of a basic
framework to be used during the design phase of long span bridges, based on the manipulation
of the aerodynamic derivatives through the control of the unsteady pressure characteristics
along the bridge deck.
4.3.1 Phase Difference Distribution
Concerning the phase difference ψ(x*) distribution and starting from model NF, Fig.4.10,
some patterns can be identified. Following the development of the curve from leading edge
to trailing edge, a negative peak is observed near the leading edge, so the values start to grow
towards the positive direction crossing the x axis at a specific x∗1 location. After crossing the
x axis a positive peak is reached, at approximately the same absolute value observed in the
negative zone. The tendency is inverted and the values cross the x axis one more time, at x∗2,
reaching a second peak in the negative side that approaches the previous peaks in modulus
as the wind velocity increases. After that second peak, the curves tend to remain in that
value, developing themselves almost steadily. This behavior can also be observed in Fig.4.11
to Fig.4.13.
A classification for the phase difference distribution had already been proposed by
dividing it into three main regions [5]: near constant phase, before x∗1; rapidly increasing
phase, between x∗1 and x
∗
2; and slowly changing phase, after x
∗
2. It was also reported in the
same reference that the region of rapidly increasing phase is related to the expansion and
contraction of the separation bubble while the body is in motion, Fig.4.14.
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Figure 4.14: region of rapidly increasing phase, adapted from [5]
In this study, in order to better describe the behavior of the curves of phase difference
distribution, it was thought to be convenient to split them into two main branches: a curvy
branch, which can be approximated by a sinusoidal equation, Eq.4.1, and a steady branch,
which presents constant values along its development.
ψ(x ∗) = −Aψ.cos [ωψ.(x ∗ + 1 ) + φψ] (4.1)
where ψ(x*) is the value of phase difference at a specific x∗ non-dimensional (normalized by
half-width b) location; Aψ is the amplitude of the phase difference distribution; ωψ is the
circular wave number of the phase difference distribution; φψ is the phase difference of the
distribution; ”+1” is necessary to account for the coordinate transformation.
Eq.4.1 can be transformed into Eq.4.2.
ψ(x ∗) = −Aψ.cos [ωψ.x ∗ + ωψ + φψ] (4.2)
By a visual analysis of Fig.4.10 to Fig.4.13, it is possible to identify a dependence
of the parameters Aψ and φψ on the characteristics of the leading edge, since they change
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among different configurations of leading edges; the same way, ωψ is strongly influenced by
variations of wind velocity.
For a flat plate, the theoretical wave length in the wake is described by the relationship
2.pi.b/k [113], which becomes numerically equivalent to the reduced wind velocity Ur=U/f.b
when normalized by the deck half-width b, i.e. λb. In addition, Kubo & Hirata [114] experi-
mentally accounted for the existence of a relationship between the phase difference and the
traveling time of the vortices on the body‘s surface. That relationship was found to be inde-
pendent of both the amplitude of vibration (in the range of amplitudes tested by them, i.e.
small amplitudes) and of the wind flow velocity. Based on their findings, it can be concluded
that in harmonically oscillating bodies the traveling time between two subsequent points on
the body‘s surface that present the same value of phase difference ψ(x*), e.g. x∗1 and x
∗
2,
must be equal among all wind velocities. The locations with the same phase difference ψ(x*)
may be different for every wind velocity, but the traveling time between them is always the
same, independently of the wind velocity.
Moreover, the flow structure around rectangular cylinders is two-dimensionalized and
the vortices shed from the leading edge are controlled by its motion, presenting lock-on
patterns under particular conditions [115], taking exactly one natural period to travel from
leading edge to trailing edge [116]
The assumptions above were verified by dividing the wind velocities related to each
phase difference distribution of Fig.4.10 to Fig.4.13 by the normalized (by the half length
b) distance between the points where the curves intercept the x axis, which gives a unity of
normalized frequency that would represent in the last instance the wave half-length λ/2. For
the curves in which the first intercepting point was missed, a graphical interpolation was
performed.
The results were compared with the theoretical wave half-length pi.b/k, bold line in
Fig.4.15, showing similarities that suggest that the value of 2.pi.b/k might have a strong
relationship with the wave length also in bluff bodies.
Since ωψ represents the circular wave number 2.pi.f in Eq.4.2, the multiplication of
the value of the normalized wave half-length by 2.pi with a subsequent division by the wind
velocity should provide the value of ωψ of Eq.4.2. This relationship is given by Eq.4.3.
82 Unsteady Pressure Characteristics of Modified Rectangular Cylinders
(a) Heaving (b) Torsion









In the theoretical case, the value of ωψ can be calculated through Eq.4.4, leading to
constant values throughout all the velocity range. In Fig.4.16 a comparison between this
theoretical value and the ones obtained for the cases of Fig.4.10 to Fig.4.13 through Eq.4.3
shows that the agreement between the results obtained from Eq.4.3 and Eq.4.4 increases





where f is the oscillation frequency.
The tendencies presented herein point to the necessity of a deeper study on the influ-
ences of different types of leading edges on the values of ωψ, based on the characteristics of
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(a) Heaving (b) Torsion
Figure 4.16: Circular wave number ωψ
the flow separation and on the fluid dynamics generated due to this detachment, so that de-
terministic approaches can be established for the estimation of ωψ. That is not the objective
of this study, which is restricted only to point out the existence of such relationships and to
the establishment of semi-empirical formulations to describe them, which can be obtained
at this point of the study through Fig.4.16.
Although the curves obtained for the torsional system in Fig.4.16 tend to be better
defined, the general tendency is that both systems show similar behaviors, and as an at-
tempt towards an empirical formulation for ωψ, Fig.4.17 shows the results of polynomial
interpolations for the curves in the torsional system.
Since such a kind of study could not be found by the author in the technical literature,
no comparison parameters could be established at this point, so the discrepancies observed
in Fig.4.16 could not be related neither to inaccuracies in the acquisition of the data nor to
inherent characteristics of the leading edges. Further studies should be conducted for the
clarification of these relationships.
In the case of the amplitude Aψ of the phase difference distribution, the average of the
absolute values at the inflection points were taken, also through graphical interpolation for
those distributions in which one of the peaks is missed. Table 4.1 summarizes the values for
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Figure 4.17: Tentative Equations for ωψ in the torsional system
the four cases presented herein and Fig.4.18 provides a graphical representation for them.
Table 4.1: Amplitude Aψ
U/f.B 5 10 15 20 25
NF torsion 31◦ 32◦ 30◦ 27◦ 22◦
NF heaving 30◦ 33◦ 31◦ 27◦ 23◦
CU torsion 47◦ 28◦ 23◦ 20◦ 19◦
CU heaving 26◦ 30◦ 33◦ 31◦ 28◦
CD torsion 50◦ 29◦ 20◦ 17◦ 13◦
CD heaving 24◦ 18◦ 14◦ 14◦ 13◦
SC torsion 64◦ 30◦ 19◦ 16◦ 13◦
SC heaving 53◦ 22◦ 12◦ 12◦ 10◦
Both torsional and heaving systems show similar tendencies, especially for model NF ,
4.3 The Approach 85
(a) Heaving (b) Torsion
Figure 4.18: Amplitude Aψ
which presents almost the same values in both systems throughout the entire range of reduced
wind velocities. However, the proportionality relationships between the values obtained from
each motion for every leading edge (values and development of the curves between Fig.4.18(a)
and Fig.4.18(b)) are different for all types of fairing, and this fact introduces a manner of
breaking the strong aerodynamic derivatives dependence discussed in Section 2.3.2 related to
model NF (B/D=20 rectangular cylinder with no fairing). With the increase of the reduced
wind velocity the values seem to asymptotically approach an equilibrium state, which can
be regarded as a characteristic value for each type of leading edge.
For the parameter φψ, the calculation was conducted by evaluating the relationship




1 as a reference for φψ= 90
◦. The results are reported in
Table 4.2 and in Fig.4.19.
This parameter showed a high sensitivity to the leading edge. Although the general
tendencies of both torsional and heaving systems are the same, the values assumed are
different for all configurations of leading edges. Each curve is developed in a very particular
range, without sharing values among themselves, looking for stabilization also in different
values.
Although the use of φψ is suitable for Eq.4.2, it may also be convenient to evaluate
the position ψ∗0 of the inflection point in the positive side of the phase difference ψ(x*)
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Table 4.2: Phase Lag φψ
U/f.B 5 10 15 20 25
NF torsion −12◦ 21◦ 33◦ 37◦ 48◦
NF heaving −25◦ 3◦ 14◦ 14◦ 12◦
CU torsion 66◦ 68◦ 90◦ 90◦ 90◦
CU heaving 42◦ 50◦ 55◦ 54◦ 50◦
CD torsion −71◦ −14◦ 30◦ 69◦ 70◦
CD heaving −117◦ 82◦ 101◦ 90◦ 65◦
SC torsion 62◦ 132◦ 142◦ 113◦ 100◦
SC heaving −75◦ 143◦ 121◦ 130◦ 123◦
(a) Heaving (b) Torsion
Figure 4.19: Phase Lag φψ
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distribution, Fig.4.20, which can be associated to the position of the peak in the amplitude
C˜p(x*) distribution, pointed out in Section 4.3.2.
(a) Heaving (b) Torsion
Figure 4.20: Location of the inflection point of the phase difference ψ(x*) distribution
In order to check for the ”efficiency” of the formulation proposed in this section to
reproduce the phase difference distributions, the aerodynamic derivatives of the four cases
were recalculated by using the phase difference ψ(x*) distributions obtained through Eq.4.2,
considering Eq.4.3 and the parameters reported in Table 4.1 and Table 4.2. The real am-
plitude C˜p(x*) of the unsteady pressure characteristics was used in the calculations and the
results are provided in Fig.4.21.
The results show good agreement between wind tunnel tests data (continuous line) and
the approximations through Eq.4.2 (dashed line), with only some minor discrepancies in the
sin related derivatives, which showed a tendency to approach the Theodorsen function.
This can be understood as an indicative that Eq.4.2 can lead to reasonable approxi-
mations for the aerodynamic derivatives, provided the right coefficients are used. At a first
moment an effort should be put in the acquisition of these coefficients for different types of
leading edges so that in a second instance the physical phenomena behind these coefficients
can be understood, and mechanisms to obtain them for new geometries of leading edges in
a deterministic fashion can be developed.
The objective of this study is to propose a systematization to be used in the repro-
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Figure 4.21: Derivatives - wind tunnel versus Eq.4.2 combined with original C˜p(x*) distri-
bution
duction of the phase difference ψ(x*) distribution, and to prove it feasible, not focusing at
this time in finding ways to obtain the coefficients analytically. Future works are expected
in this sense.
4.3.2 Amplitude Distribution
The amplitude of the unsteady pressure characteristics is a function of the amplitude of
vibration and of the wind velocity, among other factors; and when normalized by the dy-
namic pressure 1/2.ρ.U2, where ρ is the air density and U is the wind velocity, provides
non-dimensional values comparable along the entire range of wind velocities. Since it is
a representation of pressure fluctuations along the body surface, the area under its curve
might be treated as a measure of part of the external work done by the fluid along one cycle
of vibration and carries meaningful information about the aerodynamics around bodies in
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harmonic motion.
For the four cases of leading edges treated in the this chapter – NF , CU , CD and SC –,
the areas under the curves of the unsteady pressure characteristic‘s amplitude were calculated
for each different wind velocity through Riemann’s integral method and normalized by the
maximum angle of attack. In Fig.4.22, the y axis displays this normalized area and the x
axis corresponds to the maximum angle of attack for which each area was obtained.
Figure 4.22: Normalized areas for amplitude C˜p(x*) distribution
It is shown in Fig.4.22 that every type of leading edge shows a proportional relationship
between area and maximum angle of attack, which is better illustrated in the heaving system
(inclined lines), since for every different wind velocity different angles of attack and areas are
presented. Because in the torsional motion the maximum angle of attack was kept constant
throughout all wind velocities tested (2◦), the areas are accumulated in a vertical line in
x = 2, showing concordance with the values observed in the heaving motion in x = 2.
Matsumoto [3] had already accounted for the existence of a relationship between the
peak of the C˜p(x*) distribution, C˜pmax, and the maximum angle of attack for both motions.
This relationship was also verified for the four cases studied herein, Fig.4.23, showing a
pattern very similar to the one obtained in Fig.4.22.
As an attempt to isolate the similarities between Fig.4.22 and Fig.4.23, the areas of
Fig.4.22 were normalized by the peak values of C˜p(x*) obtained for every wind velocity,
y axis in Fig.4.23. The results are reproduced in Fig.4.24, showing a tendency to present
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Figure 4.23: Relationship between maximum angle of attack and maximum C˜p(x*), i.e.
C˜pmax
results restricted to a limited range (between 0.4 and 0.8) and developing themselves almost
constantly throughout the whole range of wind velocities. This can be considered as a char-
acteristic imposed by the leading edge on the amplitude C˜p(x*) distribution and might be
a starting point for the verification of relationships for the unsteady pressures amplitude
C˜p(x*) distribution. Based on that, it was thought to be convenient to normalize the dis-
tributions by their peak values in the search of these relationships, generating the C˜pN(x
∗)
distributions of Fig.4.25 and Fig.4.26.
Figure 4.24: Area under C˜p(x*) distribution normalized by its peak value C˜pmax
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(a) NF-Torsion (b) CU-Torsion
(c) CD-Torsion (d) SC-Torsion
Figure 4.25: Normalized amplitude C˜p(x*) distributions for torsional system
A visual analysis of Fig.4.25 and Fig.4.26, in comparison with the phase difference
ψ(x*) distributions of Fig.4.10 to Fig.4.13, reveals that the peaks of C˜pN(x
∗) distributions
are located upwards the peaks of the ψ(x*) distributions in almost the totality of the samples.
Also, the broadening of the base of the C˜pN(x
∗) distributions with the increase of wind
velocity is an important factor to be considered, which must be somehow related to the size
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(a) NF-Heaving (b) CU-Heaving
(c) CD-Heaving (d) SC-Heaving
Figure 4.26: Normalized amplitude C˜p(x*) distributions for heaving system
of separation bubble originated in the leading edge.
As for the location of the peaks in the C˜pN(x
∗) distributions, x∗0, the values induced
by different leading edges show different relationships with the variation of the reduced wind
velocity, Fig.4.27. In the case of NF and CU , the increase of U/f.B promotes a displacement
of the location of the peak towards downstream, for CD the values are kept almost constant
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throughout all the velocities and for SC the peak is moved upstream with the increase of
the wind velocity.
(a) Heaving (b) Torsion
Figure 4.27: Location of the peak x∗0 in the normalized amplitude distribution C˜pN(x
∗)
As mentioned previously in Section 4.2, techniques of flow visualization combined with
pressure measurements pointed out that the location of the peak of the fluctuating pressures
is strongly related to the reattachment point of the separated flow, exposing the dimension
of the separation bubble, and this can be finally regarded to the energy involved in the
aerodynamics of the system body-flow. In this sense, it is expected that, in comparison to
bluffer leading edges, less bluff leading edges promote lower levels of modification in the en-
ergy associated to the flow, producing smaller separation bubbles and inducing consequently
peaks closer to the leading edge.
Also already mentioned previously, the point where the flow reattachment occurs in
rectangular cross-sections that present afterbody long enough to promote this reattachment
was found to be located in a distance around 4.4D from the leading edge [105], where D is
the thickness of the cross-section, which in normalized dimension corresponds to xR= 0.44
and in normalized coordinates to x∗= -0.56. Considering the bluffness of the leading edge
used in that original reference [105], this value can be regarded as a superior limit and as a
reference for the ones presented in Fig.4.27. As it can be noticed in that figure, all the values
are situated below that limit, which is reached only by model NF , in the highest reduced
wind velocity (U/f.B = 25).
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The equivalent of x∗0 in the phase difference distribution is the phase difference φψ,
which can also be related to the location of the inflection point of that distribution, Fig.4.20.
So comparing these two sets of values, Fig.4.20 and Fig.4.27, it can be noticed that similar
patterns are presented, suggesting the existence of a relationship between them, which in
terms of angular difference can be expressed by Fig.4.28.
(a) Heaving (b) Torsion
Figure 4.28: Phase difference between peaks of normalized amplitude C˜pN(x
∗) and phase
difference ψ(x*) distributions
For the interpolation of the values related to the distributions of Fig.4.25 and Fig.4.26,
it is proposed the use of an equation in the form of a Weibull distribution, Eq.4.5, impacted
by a bias value, C˜p0, and normalized by its maximum value. The bias value is necessary
to account for the residue of the decaying of the amplitude of fluctuation of the unsteady





















where: γcp is the shape parameter; αcp is the scale parameter; xcp is the x coordinate defined
by xcp= x
∗+ 1; e is the base of the natural logarithm.
The use of Eq.4.5 demands the definition of the parameters γcp, αcp and the bias value
C˜p0. These parameters can be estimated in the same fashion it was done for the phase
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difference distribution in Section 4.3.1, by considering the wind tunnel tests results reported
in Fig.4.10 to Fig.4.13 and the normalized amplitude C˜p(x*) distributions C˜pN(x
∗) reported
in Fig.4.25 and Fig.4.26.
The calculations should be conducted through an iterative procedure, getting the val-
ues of the parameters refined after each iteration, until the error of the approximations,
calculated through least squares method, is minimized. In a second moment, not covered
in this thesis, rational formulations for the calculation of the parameters obtained herein
empirically should be proposed based on fluid dynamics concepts.
The parameter C˜p0 is calculated by considering the relationship between the value of
the peak and the minimum level of pressure fluctuation of the C˜pN(x
∗) distribution. After
the peak, the amplitude decreases following Eq.4.5 until an inferior level defined by C˜p0 is
reached , so after that point the decreasing rate is changed and the curve is developed around
the value of the C˜p0. In order to estimate a value for C˜p0, this last part of the curve should
be considered; and resorting to the results presented in Fig.4.25 and Fig.4.26, through a
weighted mean among the values assumed after the last inflection point, the value of 0.1 is
assumed as a initial value for the bias C˜p0.
Considering this bias value in the normalized distributions of those figures and after
some cycles of iteration, it is possible to evaluate the shape parameter γcp of all configurations,
through Maximum Likelihood Estimation method. So by applying the calculated shape
parameter γcp into Eq.4.5, the values for the scale parameter αcp are obtained. The results
of the last iteration are reported in Table 4.3 and in Fig.4.29 and Fig.4.30.
(a) γcp
U/f.B 5 10 15 20 25
NF torsion 3 2.2 2.15 2.2 2.2
NF heaving 2.85 2.7 2.8 2.9 3
CU torsion 1.9 1.55 1.3 1.3 1.6
CU heaving 1.8 1.8 1.95 2 2.2
CD torsion 3.8 3 2.3 2.1 2.2
CD heaving 3.7 2.5 2.1 2.1 2.2
SC torsion 3 2.05 2 2.2 2.1
SC heaving 3.5 2.3 2.5 2.3 1.5
(b) αcp
U/f.B 5 10 15 20 25
NF torsion 0.34 0.43 0.48 0.53 0.6
NF heaving 0.32 0.42 0.47 0.5 0.55
CU torsion 0.17 0.2 0.27 0.32 0.39
CU heaving 0.2 0.26 0.29 0.3 0.32
CD torsion 0.3 0.28 0.3 0.33 0.38
CD heaving 0.3 0.3 0.3 0.29 0.32
SC torsion 0.26 0.25 0.24 0.2 0.24
SC heaving 0.26 0.21 0.19 0.17 0.14
Table 4.3: Parameters for Eq.4.5
The figures show that for both parameters each geometry shows similar patterns in both
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Figure 4.29: Parameter γcp for Eq.4.5
Figure 4.30: Parameter αcp for Eq.4.5
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torsional and heaving systems, especially the scale parameter αcp. The shape parameter γcp
presents some discrepancies among systems and with the increase of the wind velocity all
configurations tend to oscillate in a range around the value of 2, which defines the Rayleigh
distribution. Considering as a extrapolation that the unsteady pressures amplitude would
behave as a Rayleigh distribution (γcp= 2) in B/D=20 rectangular cylinders, the scale pa-
rameter αcp would be regarded as the one that characterizes each leading edge in terms of
unsteady pressure amplitude distribution.
Since the shape parameter γcp is related to the shape of the amplitude C˜p(x*) distri-
bution, the ”size” of the curve, which is dependent on the size of the separation bubble and
presents consequently a direct dependence on the thickness D and an indirect dependence
on the side ratio B/D, must be dependent on the parameter αcp. So, for the development of
an analytical systematization to be used in the estimation of γcp and αcp, those relationships
must be considered, by making use of models with different side ratios and leading edges.
By comparing the superposition of the different distributions at the same reduced wind
velocity provided by Fig.4.5, it is noted that the relative size of the C˜p(x*) distributions in
relation to the side ratio changes with the side ratio by keeping the same absolute sizes and
shapes, which leads to the conclusion that the parameter αcp must have a different value
for every different side ratio, as stated above. As for the parameter γcp, which is related
to the shape of the distributions, it must be mostly dependent on the characteristics of the
separation point, since it barely changes among the configurations found in that figure, that
kept the same leading edge. However, these assumptions remain to be better investigated, as
stated in the previous paragraph, and in Chapter 5, additional information will be brought
to scene.
The efficiency of Eq.4.5 in reproducing the amplitude C˜p(x*) distributions can be
verified by recalculating the aerodynamic derivatives of the four cases studied throughout this
chapter by using the distributions produced through it and comparing the results with the
real values, calculated with wind tunnel tests data. Fig.4.31 presents the C˜p(x*) distributions
obtained with Eq.4.5 for NF in torsion oscillation and Fig.4.32 the aerodynamic derivatives
obtained for the 4 cases, compared with both the real values and Theodorsen function. The
good agreement obtained in the comparisons provided by Fig.4.31 and Fig.4.32 confirms that
Eq.4.5 is able to provide reasonable results, if the proper parameters are used.
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(a) U/f.B=5 (b) U/f.B=10 (c) U/f.B=15
(d) U/f.B=20 (e) U/f.B=25
Figure 4.31: Unsteady pressure amplitude C˜p(x*) distribution for NF in torsion obtained
with Eq.4.5 and compared with wind tunnel test data
4.3.3 Combining Phase Difference and Amplitude Distributions
In Weibull distributions the scale parameter αcp has the same unit as xcp (as an analogy
to [117]), which in Eq.4.5 refers to the normalized location x∗. Comparing the empirical
parameters obtained for Eq.4.2 and Eq.4.5, it is noticed that with the increase of the reduced
wind velocity both the normalized wave half-length λ/2, which is given by the relation
2.pi/ωψin Eq.4.2, and αcp of Eq.4.5 show similar tendencies. Both parameters provide a
scaling effect on the distributions. A comparison between the inverse of their values (hereafter
called ”scale factor”), obtained for the 4 geometries of leading edges in all reduced wind
velocities, can be seen in Fig.4.33 and Fig.4.34.
The comparisons indicate that both parameters follow indeed similar tendencies. Be-
4.3 The Approach 99
Figure 4.32: Derivatives - wind tunnel versus Eq.4.5 combined with original phase difference
distribution
cause of that, it seems to be natural to search for relationships between them, through a
”proportionality relationship”.
In the search for this ”proportionality relationship” the ratio between both values was
evaluated for all configurations, showing a tendency towards the unity as γcp approaches
pi. Based on that, a further comparison can be established by taking the index γcp/ αcp of
Eq.4.5 multiplied by 2 and the value of ωψ, obtained from the phase difference distribution.
Both can be regarded as ”wave number factor” and the results are shown in Fig.4.35 and
Fig.4.36.
With the exception of model SC, the agreement of this further comparison is very
good, pointing to a strong relationship between phase difference ψ(x*) and amplitude C˜p(x*)
distributions. This relationship is associated to the wave length and can be understood in
the calculation framework proposed herein as an index inherent to each type of leading edge,
which in the quasi-steady state might be approximated by analytical approaches.
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Figure 4.33: Scale factor for torsional system
Figure 4.34: Scale factor for heaving system
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Figure 4.35: wave number factor for torsional system
Figure 4.36: wave number factor for heaving system
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The aerodynamic derivatives were also evaluated by considering both the phase dif-
ference and the unsteady pressure distributions calculated through the approach proposed
in this chapter, by using Eq.4.2 and Eq.4.5. The results can be found in Fig.4.37, showing
also a good agreement with the real values for all aerodynamic derivatives, with the excep-
tion of some discrepancies in the approximations obtained for H∗4 derivative. The tendency
presented by H∗4 in the approximations was to approach the Theodorsen function, and this
behavior is somehow expected for such a cross-section, having been already reported in other
references, Fig.4.6.
Figure 4.37: Derivatives - wind tunnel versus Eq.4.5 combined with Eq.4.2
4.4 Concluding Remarks
This chapter dealt with the proposition of a calculation framework to be used in the reproduc-
tion and the estimation of the unsteady pressure characteristics of rectangular cylinders sub-
mitted to smooth flow. It was demonstrated that these characteristics follow pre-established
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patterns, identifiable through common equations whose parameters can be related to the
characteristics of each cross-section.
The phase difference distribution was found to follow a sinusoidal equation, while the
pressure fluctuation along the body surface tended to be distributed according a Weibull
distribution. For both equations, the wave length developed along the body plays a very
important role in the definition of their parameters, providing an interconnection between
phase difference and amplitude distributions.
For all cases, theWeibull distribution tended to behave as a Rayleigh distribution (γcp=
2) in higher reduced wind velocities; however, this must not be treated as a final conclusion,
since only few cases were tested, but as an inherent characteristic of the types of models
investigated, i.e. B/D=20 rectangular cylinders. The scale parameter αcp, regarded as the
responsible for the definition of the ”size” of the distributions, was related to the wave length
developed along the body. Since this wave length is dependent on the leading edge and on
the side ratio B/D, this parameter is thought to be the result of the combination of the
influence of both factors, associated also to the effects of the wind velocity.
Through the analysis of wind tunnel tests results, characteristic parameters were ob-
tained for a B/D=20 rectangular cylinder, with four different configurations of leading edges.
However, the number of cases analyzed is small and can not be considered representative. So,
an extension of this study should be conducted by acquiring the characteristic parameters
for a wider range of leading edges and cross-sections, so that a picture of the phenomena
can be obtained.
The experiments contain uncertainties, so the results provided by the formulations
should be considered based on the ”tendency” of reproducing the test results, not on the
”exactness” of their provisions. The objective of this chapter was the proposition of the for-
mulations and to prove them feasible, providing also the characteristic parameters regarding
every geometry investigated, in an empirical basis, not focusing at this time in finding ways
to obtain them analytically. Since the equations are established, the work from this point
on should be the refinement of the framework and the proposition of strategies for obtaining
the characteristic parameters through an analytical approach, by considering the concepts
of fluid dynamics and wind engineering.
A rationalization about the unsteady pressure characteristics of bridge decks can be
obtained with the extension of the investigations reported in this chapter, and the subsequent
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step towards the development of a design framework to be used with long span bridges is the
development of strategies to control and ”manipulate” the unsteady pressure characteristics
along the bridge deck. In this context, the idea of geometric singularities was proposed,
referring to the insertion of ”geometric accidents” (flow separation points, slots and gratings)
along the deck, in proper locations, with the objective of leading both phase difference and
amplitude distributions to assume values suitable for flutter stabilization, according to the
optimal conditions discussed in Chapter 3.
This concept will be approached in the sequence of this thesis as well as the influences
of such geometric singularities on the unsteady pressure characteristics. Their impacts on
the characteristic parameters of the equations proposed in this chapter will be discussed and
rationalized.
Chapter 5
Effects of Vertical Plates on the
Unsteady Pressure Characteristics of
Modified Rectangular Cylinders
5.1 Introduction
As suggested in the previous chapters, a more rational control over flutter instability in long
span bridges can be obtained through the manipulation of the unsteady pressure characteris-
tics developed along their decks, which can be obtained by disposing geometric singularities
along their surfaces.
Although a framework to be used in the calculation of these unsteady pressure char-
acteristics through the use of closed formulations and empirical coefficients was proposed
in Chapter 4, those equations did not take in consideration the impacts of such geometric
singularities on their coefficients. So in this chapter the framework proposed in that chapter
is revisited by considering the introduction of flow separation points along the cylinder‘s
surface, provided by the use of vertical plates.
Wind tunnel tests were conducted by using B/D=20 rectangular cylinders with 4 dif-
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ferent geometries of leading edges, combined with vertical plates of 2 different sizes disposed
in 7 different arrangements on the upper side surface of the cylinders. So the effects of
location and size combined with the inherent unsteady pressure distributions induced by the
different leading edges could be investigated.
The pressures measurement system and the configurations of leading edges were the
same used in the previous chapter, as well as the configuration of the wind tunnel, i.e.
Appendix A. The runs are identified by the leading edges code – NF , CU , CD, SC –
followed by the vertical plate code, which is formed by a location code (Fig.5.1) and a size
code (”A” for height=D/2 and ”B” for height=D). In the configurations IV , V and V I, the
vertical plates are located at the middle of the half-width.
Figure 5.1: Vertical plates location code
The results of the investigations are reported in the following sections, considering the
arrangement of the vertical plates. They are accompanied by considerations on the relation-
ships of size and position of the vertical plates along the cylinder‘s surface with the resulting
values of phase difference ψ(x*) and amplitude distributions C˜p(x*), and should be inter-
pretated by considering the discussions around the optimal unsteady pressure characteristics
obtained in Chapter 3.
5.2 Vertical plate at the leading edge
Some of the influences of vertical plates installed near the leading edge, Fig.5.6, will be
analyzed by considering the results reported in Fig.5.2 to Fig.5.5.
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(a) Torsion
(b) Heaving
Figure 5.2: Unsteady pressure characteristics of case NF-I-A
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Figure 5.3: Unsteady pressure characteristics of case SC-I-A
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(a) Torsion
(b) Heaving
Figure 5.4: Unsteady pressure characteristics of case CD-I-A
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Figure 5.5: Unsteady pressure characteristics of case CU-I-A
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Figure 5.6: Vertical plate at the leading edge
With the exception of CU-I-A, regardless the unsteady pressure characteristics of the
original cross-section (NF, CD and SC), all the resulting distributions of C˜p(x*) and ψ(x*)
are lead to similar configurations. Comparing the amplitude C˜p(x*) distributions in terms
of maximum angle of attack, as proposed in Section 4.3.2, with the results obtained for
the B/D=20 rectangular cylinder, as shown in Fig.5.7, it can be seen that although the
C˜pmax peaks get attenuated, the normalized areas under the curves of the amplitude C˜p(x*)
distributions are increased. This increase is related to a broadening of the base of the
distributions and must have relationship with the size of the vortices generated at the leading
edge, due to the vertical plate, in this case.
(a) C˜pmax - Maximum C˜p(x*) (b) Area normalized by C˜pmax
Figure 5.7: Comparison in terms of maximum angle of attack
The confirmation of the broadening of the C˜p(x*) distributions is obtained by evalu-
ating their areas normalized by their C˜p(x*) peak values C˜pmax, Fig.5.8. The results show
higher values when compared with the B/D=20 rectangular cylinder. All configurations
presented similar patterns, including CU-I-A.
Resorting to the method proposed in Section 4.3.2, the amplitude C˜p(x*) distributions
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Figure 5.8: Area under C˜p(x*) distribution normalized by its peak value C˜pmax
of the 4 cases studied in this section were rebuilt, and the parameters obtained for Eq.4.5 in
this process are listed in Table 5.1. All interpolations showed good agreement with the wind
tunnel test data; as an example, the distributions obtained for NF-I-A in torsional motion
are reproduced in Fig.5.9.
Installing a vertical plate near the leading edge promoted an increase in the level of
the bias C˜p0 for all distributions, which now oscillate around 0.3, and this is a consequence
of the new relationships between normalized areas and peaks, Fig.5.7.
The ratio γcp/ αcp also showed itself more stable, in comparison with model NF of
Chapter 4 (B/D=20 rectangular cylinder), Fig.5.10. Although the shapes of the amplitude
C˜p(x*) distributions of all cases can be considered similar to regular rectangular cylinders,
a shift downstream in the location of the peak is an important feature of the resulting
distributions discussed in this chapter.
As already mentioned in Chapter 4, the location x∗0 of the peak C˜pmax of the unsteady
pressure amplitude distributions can be related to the reattachment of the flow in the surface
of the body, and finally regarded to the size of the vortices developed due to the flow
separation at the leading edge. Based on that, the relationship x∗0= 4.4.D was investigated
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Table 5.1: Parameters obtained through Eq.4.5 for modified rectangular cylinders with ver-
tical plate of height=D/2 near the leading edge
Torsion Heaving
U/f.B NF-I-A SC-I CD-I CU-I NF-I-A SC-I CD-I CU-I
5 γ 2.8 3.0 3.0 3.2 2.8 2.8 2.8 2.9
α 0.85 0.83 0.9 0.65 0.82 0.75 0.85 0.6
α/γ 3.29 3.61 3.33 4.92 3.41 3.73 3.29 4.83
C˜p0 0.44 0.52 0.59 0.54 0.33 0.36 0.38 0.55
10 γ 3.7 3.7 4.0 4.1 4.0 3.7 3.9 3.8
α 1.1 1.07 1.25 0.8 1.22 1.1 1.25 0.75
α/γ 3.36 3.46 3.2 5.13 3.28 3.36 3.12 5.07
C˜p0 0.38 0.39 0.39 0.46 0.34 0.34 0.37 0.44
15 γ 3.9 4.0 4.4 4.1 4.2 4.2 4.3 4.0
α 1.2 1.15 1.35 0.81 1.35 1.22 1.35 0.85
α/γ 3.25 3.48 3.26 5.06 3.11 3.44 3.19 4.71
C˜p0 0.32 0.32 0.3 0.47 0.24 0.26 0.23 0.42
20 γ 4.2 4.2 4.4 4.2 4.3 4.2 4.3 4.0
α 1.25 1.2 1.32 0.8 1.35 1.25 1.4 0.75
α/γ 3.36 3.5 3.33 5.25 3.19 3.36 3.07 5.33
C˜p0 0.29 0.3 0.28 0.55 0.22 0.25 0.21 0.4
25 γ 4.5 4.4 4.6 4.5 4.4 4.4 4.3 4.0
α 1.3 1.22 1.4 0.8 1.4 1.25 1.4 0.73
α/γ 3.46 3.61 3.29 5.63 3.14 3.52 3.07 5.48
C˜p0 0.24 0.28 0.25 0.52 0.23 0.24 0.23 0.43
for all cases, by getting the position x∗0 of the peaks in the distributions of Fig.5.2 to Fig.5.5
and evaluating an equivalent thickness Deq for all cross-sections, i.e. values of D that satisfy
the equality. By using this equivalent thickness Deq and considering that the results are in
normalized dimensions for a B/D=20 rectangular cylinder in which a normalized thickness
D=0.1 is expected for a normalized width B=2 (since it is normalized by the half-width b),
an equivalent side ratio BDeq can be obtained for all cases. This equivalent side ratio is
calculated through the relationship BDeq= 2/Deq and can be understood as ”the side ratio
of rectangular cross-section that would generate the same amplitude distribution”. Thanks
to the similarities presented by the amplitude C˜p(x*) distributions, a comparison link can
be established between the modified rectangular cylinders (with a vertical plate near the
leading edge) and basic rectangular cylinders. The results are reported in Table 5.2.
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(a) U/f.B=5 (b) U/f.B=10 (c) U/f.B=15
(d) U/f.B=20 (e) U/f.B=25
Figure 5.9: Unsteady pressure amplitude C˜p(x*) distribution for NF-I-A in torsion, obtained
with Eq.4.5 and compared with wind tunnel test data
According to the results expressed in Table 5.2, with the increase of the reduced wind
velocity the equivalent side ratios BDeq of the models SC, CD and NF tend to a value
around 7. Comparing in terms of values and shapes the amplitude C˜p(x*) distributions of
these cases with the wind tunnel test data used to produce Fig.4.5, and also observing the
relationship x∗0= 4.4D obtained at higher reduced wind velocities, it can be verified that
the distributions obtained for SC-I-A, CD-I-A and NF-I-A present indeed an intermediate
configuration between rectangular cylinders with side ratios B/D=5 and B/D=7.5, as can
be seen Fig.5.11.
It happens that the introduction of a vertical plate of height=D/2 at the leading edge
changes the apparent side ratio of the models to (B/D)ap = 13.3. This apparent side ratio
is calculated by considering the relationship between the width B of the rectangular cross-
section and a value of thickness formed by the summation of the real thickness D of the
5.2 Vertical plate at the leading edge 115
Figure 5.10: Ratio γcp
αcp
for configurations with vertical plate near the leading edge
Table 5.2: Equivalent side ratio and equivalent thickness for modified rectangular cylinders
(vertical plate height = D/2 in the leading edge), calculated through x∗0= 4.4Deq
U/f.B 5 10 15 20 25
Deq BDeq Deq BDeq Deq BDeq Deq BDeq Deq BDeq
NF in torsion 0.16 12.57 0.23 8.52 0.23 8.52 0.27 7.54 0.27 7.54
NF in heaving 0.16 12.57 0.27 7.54 0.30 6.77 0.30 6.77 0.30 6.77
SC in torsion 0.16 12.57 0.22 9.10 0.23 8.52 0.23 8.52 0.27 7.54
SC in heaving 0.16 12.57 0.22 9.10 0.27 7.54 0.27 7.54 0.27 7.54
CD in torsion 0.16 12.57 0.27 7.54 0.27 7.54 0.27 7.54 0.30 6.77
CD in heaving 0.17 11.48 0.27 7.54 0.30 6.77 0.30 6.77 0.30 6.77
CU in torsion 0.11 17.60 0.17 11.48 0.17 11.48 0.17 11.48 0.17 11.48
CU in heaving 0.11 17.60 0.16 12.57 0.16 12.57 0.16 12.57 0.16 12.57
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(a) B/D=5 in torsion,(adapted
from [3])
(b) NF-I-A in torsion (c) B/D=7.5 in torsion,(adapted
from [3])
Figure 5.11: Comparison between amplitude C˜p(x*) distributions of rectangular cylinders
with side ratios B/D=5, B/D=7.5 and the NF-I-A case, in torsion
cylinder and the height of the vertical plate (D/2 in this case), i.e. cross-flow dimension.
This resulting number is the double of the values of the equivalent side ratio BDeq presented
by models SC-I-A, CD-I-A and NF-I-A in Table 5.2.
In search for logical relationships for that effect, a further experiment was conducted
by installing a vertical plate with double of the size of the previous one, i.e. same as the
thickness of the model (D), at the leading edge of the model NF. This new arrangement led
to the unsteady pressure distributions of Fig.5.12 and is hereafter referred to as NF-I-B.
The same calculation approach was applied and, similarly to model NF-I-A, the equiv-
alent side ratio BDeq of this new arrangement resulted in a value around two times the
expected one, considering the apparent side ratio of NF-I-B. Table 5.3 shows the values of
Deq and BDeq for all reduced wind velocities, and comparing the values of BDeq obtained
for U/f.B = 25 with the apparent side ratio (B/D)ap = 10 of model NF-I-B, the previous
statement can be verified.
As a preliminary conclusion, it can be thought that when a vertical plate installed near
the leading edge is able to cancel the influences of this leading edge, the amplitude C˜p(x*)
distribution behaves as a regular rectangular cylinder whose side ratio is induced to present
an equivalent side ratio 50% smaller than the expected apparent side ratio.
As for model CU-I-A, the shapes of the resulting unsteady pressure amplitude C˜p(x*)
distributions also assumed the characteristics of aWeibull distribution, able to be reproduced
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(a) Torsion
(b) Heaving
Figure 5.12: Unsteady pressure characteristics of case NF-I-B
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Table 5.3: Equivalent side ratio and equivalent thickness for modified rectangular cylinders
(vertical plate height = D in the leading edge), calculated through x∗0= 4.4Deq
U/f.B 5 10 15 20 25
Deq BDeq Deq BDeq Deq BDeq Deq BDeq Deq BDeq
NF in torsion 0.27 7.54 0.34 5.87 0.37 5.39 0.37 5.39 0.39 5.18
NF in heaving 0.22 9.10 0.37 5.39 0.39 5.18 0.39 5.18 0.39 5.18
with Eq.4.5; however, the parameters γcp and αcp did not show concordance with the other 3
cases. Also differently from the other 3 cases, the equivalent side ratio assumed values close
to the expected apparent side ratio.
These differences are related to the interactions between the flow and the separation
points. Actually, the flow separated at the CU leading edge does not encounter space enough
to be completely developed before reaching the vertical plate, where an additional separation
point is provided. So the characteristics imposed on the unsteady pressure characteristics
are more related to the topics discussed in Section 5.3 than to this section. However, the
results of the calculations concerning this leading edge are also showed in this section, for
comparison purposes.
As already discussed in Section 4.3, the normalized wave length λb is expected to have
the same numerical value of the reduced wind velocity U/f.b, Eq.5.1, and this relationship
can be used to check if the equivalent side ratio calculated previously in this section can also








where beq is the equivalent half-width, which in the regular rectangular cylinders is equal to
b.
Considering the values reported in Fig.5.10 and applying the relationship between
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Eq.4.2 and Eq.4.5 proposed in Section 4.3, given by γcp/ αcp= ωψ/2, an equivalent value
for ωψ is obtained for every reduced wind velocity. Assuming the reverse of the approach
taken to obtain ωψ in that section, values of λbeq can be calculated for all velocities, using
the notation λbeq to emphasize that the values of beq of Eq.5.1 are equivalent values and
may vary according to the velocity. Since the wave length was related to the width of the
cross-section, variations in the value of λb can be associated to different values of equivalent
half-width beq, if the real values of the other parameters of Eq.5.1 are used.
The comparison between the values of λbeq obtained for each velocity with the ones
that would be expected, i.e. λb, which are numerically equivalent to the reduced wind
velocity U/f.b, can be done by dividing the former by the later, which also provides the
relationship between beq and b. So the value of the equivalent half-width beq of each reduced
wind velocity can be isolated. By using this value, the equivalent side ratio BDeq for all
cases can be calculated, and some steps of this process are described in Table 5.4.
Table 5.4: Equivalent side ratios for modified rectangular cylinders (vertical plate with
height = D/2), calculated through ωψ
Torsion Heaving
U/f.B NF-I-A SC-I-A CD-I-A CU-I-A NF-I-A SC-I-A CD-I-A CU-I-A
5 λbeq 3.15 3.45 3.18 4.7 3.26 3.57 3.15 4.62
beq/b 0.31 0.35 0.32 0.47 0.33 0.36 0.31 0.46
BDeq 6.29 6.90 6.37 9.4 6.52 7.13 6.29 9.23
10 λbeq 6.42 6.6 6.11 9.79 6.26 6.42 5.96 9.68
beq/b 0.32 0.33 0.31 0.49 0.31 0.32 0.30 0.48
BDeq 6.42 6.6 6.11 9.79 6.26 6.42 5.96 9.68
15 λbeq 9.31 9.96 9.34 14.5 8.91 9.86 9.12 13.48
beq/b 0.31 0.33 0.31 0.48 0.30 0.33 0.30 0.45
BDeq 6.21 6.64 6.22 9.67 5.94 6.57 6.08 8.99
20 λbeq 12.83 13.37 9.34 20.05 12.17 12.83 11.73 20.37
beq/b 0.32 0.33 0.32 0.50 0.30 0.32 0.29 0.51
BDeq 6.42 6.68 6.37 10.03 6.08 6.42 5.87 10.19
25 λbeq 16.53 17.22 15.69 26.86 15.01 16.81 14.66 26.16
beq/b 0.33 0.34 0.31 0.54 0.30 0.34 0.29 0.52
BDeq 6.61 6.89 6.28 10.74 6.00 6.72 5.87 10.46
With the increase of the reduced wind velocity, the values of BDeq of Table 5.2 ap-
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proach the values of Table 5.4, which show themselves more stable throughout the entire
velocity range. This tendency of agreement that even for the modified cross sections investi-
gated in this section the relationship between amplitude C˜p(x*) and phase difference ψ(x*)
distributions through the wave length still holds, becoming an important information to be
used in the manipulation of the unsteady pressure characteristics of bridge decks.
Analyzing graphically the shapes of the phase difference ψ(x*) distributions of Fig.5.2
to Fig.5.5, it can be said that as a general tendency the vertical plate at the leading edge
induces a kind of scale amplification on them, as if magnifying lens were being used near the
leading edge. Comparing them to the cases without vertical plate, Fig.4.10 to Fig.4.13 in
Section 4.3, the same amplitude Aψ (vide Section 4.3.1) is kept; however, the lengths in which
the curves are developed are elongated, which implies in transferring the crossing point x∗1
to downstream. In terms of Eq.4.2, this phenomenon can be obtained through a reduction
of the value of ωψ, confirming the conclusions of Table 5.4, and through an adjustment of
φψ to a suitable value, which is discussed in the next lines.
For NF-I-A, SC-I-A and CD-I-A, in which the same size of vertical plate was used
(Fig.5.2, Fig.5.3 and Fig.5.4), the impacts of the vertical plate on the phase difference dis-
tribution were very similar. Similarly to the comparison between the amplitude C˜p(x*)
distributions of rectangular cylinders with side ratios B/D=5 and B/D=7.5 and the ones
provided by the NF-I-A in torsion, as shown in Fig.5.11, the phase difference ψ(x*) distri-
butions of the same models also indicate similarities, as shown in Fig.5.13. It is shown that
the phase difference distributions of NF-I-A is comparable to a rectangular cylinder with
side ratio B/D between 6 and 7, which is nearly the same result obtained for the C˜p(x*)
distribution.
With the values of Aψ and ωψ already checked, only φψ of Eq.4.2 remains to be defined.
Consulting the phase difference ψ(x*) distributions of model NF, Fig.4.10, it is observed that
all curves cross the x axis almost at the same point x∗1, which is around ∆x
∗= 0.22 from
the leading edge in the torsional system and around ∆x∗= 0.25 from the leading edge in
the heaving system. For NF-I-A, with the exception of the lowest wind reduced velocity
(U/f.B=5), all curves also cross the x axis almost at the same point x∗1, around ∆x
∗= 0.70
in the torsional system and around ∆x∗= 0.80 in the heaving system. These values keep
the same 1/3 proportionality presented between the equivalent side ratio and the actual side
ratio. From these assumptions and considering the crossing point x∗1 as a reference for 90
◦
and the value of ωψ, the values for φψ can be calculated.
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(a) B/D=5 in torsion,(adapted
from [3])
(b) NF-I-A in torsion (c) B/D=7.5 in torsion,(adapted
from [3])
Figure 5.13: Comparison between phase difference ψ(x*) distributions of rectangular cylin-
ders with side ratios B/D=5, B/D=7.5 and the NF-I-A case in torsion
Checking the same assumptions for NF-I-B, whose vertical plate has the double of the
size of NF-I-A, the conclusions are similar; even though the apparent side ratio is (B/D)ap =
10, the equivalent side ratio is induced to present half of this value, Table 5.5.
Table 5.5: Equivalent side ratios for modified rectangular cylinders (vertical plate with
height = D), calculated through ωψ
U/f.B Torsion Heaving
5 λbeq 2.50 2.52
beq/b 0.25 0.25
BDeq 5.00 5.04
10 λbeq 5.09 4.94
beq/b 0.25 0.25
BDeq 5.09 4.94
15 λbeq 7.86 7.56
beq/b 0.26 0.25
BDeq 5.24 5.04
20 λbeq 10.26 9.97
beq/b 0.26 0.25
BDeq 5.13 4.99
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From a simplistic point of view, the approaching flow ”sees” the shape of the leading
edge of NF-I-A and NF-I-B the same way it would ”see” a regular rectangular cylinder, since
only a vertical surface is found in its trajectory, composed by the thickness of the cylinder
plus the height of the vertical plate. However, after the separation point, the flow encounters
a void space between this separation point and the upper surface of the model, and this void
space is responsible for changing the whole flow structure of the afterbody.
A vertical plate installed at the leading edge of a rectangular cylinder is responsible for
changing the wave length of the flow around this body, which is ”understood” by the wind
as a rectangular cylinder with different side ratio. In the cases studied in this section, this
equivalent side ratio is the result of an apparent side ratio divided by 2, and this relationship
proved itself to be very consistent in terms of unsteady pressure characteristics, which were
able to be fully reproduced with the formulation proposed in Section 4.3. Based on that,
a way towards the control of the unsteady pressure characteristics of bridge decks through
the control and manipulation of the wave length developed along its surface may be pointed
out.
5.3 Vertical plates along the chord direction
In order to evaluate the effects of separation points and blockages along the chord direction,
vertical plates were installed at different locations – IV, VI and VII according to Fig.5.1
– on the model‘s upper surface. The unsteady pressure characteristics of the rectangular
cylinders with different leading edges submitted to forced torsional and heaving harmonic
oscillations were measured, Fig.5.14 to Fig.5.25, and compared with the cases studied in
Chapter 4 (rectangular cross-sections without vertical plate).
Although the locations of the inflection points of the distributions vary among the
different configurations of models, the impacts of the vertical plate on the unsteady pressure
characteristics of each model, in terms of shape and general tendencies, were similar in both
heaving and torsional systems, for all configurations.
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(a) Torsion
(b) Heaving
Figure 5.14: Unsteady pressure characteristics of case NF-IV-A
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Figure 5.15: Unsteady pressure characteristics of case SC-IV-A
5.3 Vertical plates along the chord direction 125
(a) Torsion
(b) Heaving
Figure 5.16: Unsteady pressure characteristics of case CD-IV-A
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Figure 5.17: Unsteady pressure characteristics of case CU-IV-A
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(a) Torsion
(b) Heaving
Figure 5.18: Unsteady pressure characteristics of case NF-VI-A
128




Figure 5.19: Unsteady pressure characteristics of case SC-VI-A
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(a) Torsion
(b) Heaving
Figure 5.20: Unsteady pressure characteristics of case CD-VI-A
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Figure 5.21: Unsteady pressure characteristics of case CU-VI-A
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(a) Torsion
(b) Heaving
Figure 5.22: Unsteady pressure characteristics of case NF-VII-A
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Figure 5.23: Unsteady pressure characteristics of case SC-VII-A
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(a) Torsion
(b) Heaving
Figure 5.24: Unsteady pressure characteristics of case CD-VII-A
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Figure 5.25: Unsteady pressure characteristics of case CU-VII-A
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The presence of vertical plates on the upper surface of the models was ”felt” both
upstream and downstream their locations, mostly by the phase difference ψ(x*) distributions,
with higher impacts on their downstream region due to the flow separation caused by their
presence. Upstream the vertical plate the flow is blocked, and the recirculation created by
this blockage increases the level of the fluctuating components of the pressure signal, being
translated into a broadening of the amplitude C˜p(x*) distributions, which is emphasized
with the increase of the wind velocity.
The effects of the vertical plate on the amplitude C˜p(x*) distribution can be sum-
marized by the presence of 2 peaks: one at the location of the vertical plate and another
downstream its location. From the upstream side, before reaching the first peak, the curves
of the amplitude C˜p(x*) distributions radically invert their decaying tendencies as they ap-
proach the vertical plate, and start going up towards the first peak. This is the first symptom
of the existence of the vertical plate, caused by the blockage of the flow which is forced to
recirculate (circulatory flow). This effect showed itself to be more prominent in models that
had vertical plates installed far away enough from the reattachment of the flow separated
at the leading edge, i.e. cases VI and VII. So the flow is separated at the vertical plate,
inducing a valley followed by a recovering of the ascendant tendency until finally reaching
the second peak, with a value of C˜p(x*) that, despite being dependent on the position of the
vertical plate, is always larger than the peak produced in the separation point provided by
the vertical plate.
Comparing the distributions obtained with models VI and VII (Fig.5.18 to Fig.5.25)
with their corresponding configurations without vertical plate (Fig.4.10 to Fig.4.13) and
assuming the location of the vertical plate as the reference point, it is noticed that the
amplitude C˜p(x*) distributions start the inversion of the decaying tendency (upstream the
vertical plate) at a position nearly symmetric to the location of the peak induced downstream
the vertical plate. This last peak can be associated to the reattachment of the flow separated
by the vertical plate and both distances vary among the models, showing a dependence on
the flow conditions at the location where the plate is installed. The distances in the heaving
system tend to be longer than the ones of the torsional system, but in average they are
around ∆x∗= 0.3 in non-dimensional units for cases VII and ∆x∗= 0.4 for cases VI.
When the vertical plate is installed near the reattachment point of the flow separated
by the leading edge, i.e. case IV, the behavior is different; the peak upstream the vertical
plate is superimposed to the peak induced by the leading edge, enhancing its effects, and
the peak downstream is weaker and located at a shorter distance from the vertical plate,
136
Effects of Vertical Plates on the Unsteady Pressure Characteristics of Modified
Rectangular Cylinders
compared to the previous cases, VI and VII. This is a consequence of the high vorticity
existent in that region, in a scale larger than the size of the vertical plate, so the influences
of the vertical plate get proportionally reduced.
As a general tendency, the potentiality of a vertical plate of inducing peaks on the
unsteady pressure amplitude C˜p(x*) distribution showed itself to be directly related to the
conditions of the flow in its upstream, in terms of proximity to reattachment points and
levels of C˜p(x*). A visual analysis of Fig.5.14 to Fig.5.25 shows that the values of C˜p(x*)
reached by the peaks promoted by the vertical plate are inside an envelope that follows a
decaying tendency with the increase of the distance from the leading edge, resulting in that
the farther away the vertical plate is from the leading edge, the weaker the peak is, but
always showing a difference between peaks and valleys in the range of ∆C˜p from 0.1 to 0.2.
In the case of the phase difference ψ(x*) distribution, the presence of the vertical plate
is ”felt” more upstream than the amplitude distribution does, at a distance around 70%
longer from the vertical plate. The deceleration of flow caused by the blockage is translated
into the maintenance of the positive values, which are forced to become even more positive
as if a bias was introduced into the distribution.
Downstream the separation point the flow is accelerated, and this acceleration is trans-
lated into a ”jump” to the negative side in the phase difference ψ(x*) distribution. The
magnitude of this jump varies among the configurations and presents an increasing tendency
with the increase of both reduced wind velocity and distance from the leading edge. The
approximate values for each case studied in this section are summarized in Table 5.6.
Downstream the negative peak promoted by the jump, the phase difference ψ(x*)
distribution shows the tendency to gradually recover its positive values.
Similar phenomenon has already been observed in more complex cross-sections, as the
case of two-box girders with a vertical plate in the middle of the gap [6], Fig.5.26. In reference
[6] the vertical plate had a height of D/2 from the upper surface of the model and, similarly
to cases VII and VI, was located outside the separation bubble induced by the leading edge.
The cross-section was composed by two B∗/D = 5 rectangular cylinders, i.e. two-box cross-
sections, modified by triangular fairings in both leading and trailing edges of the resulting
cross-section, with a gap length equivalent to 0.5B∗, where B∗ is the width of each individual
cylinder.
5.3 Vertical plates along the chord direction 137
Table 5.6: ”Jump” in phase difference ψ(x*) distribution induced by vertical plate with
height=D/2
U/f.B 5 10 15 20 25
Torsion Heaving Torsion Heaving Torsion Heaving Torsion Heaving Torsion Heaving
NF-IV 140◦ 140◦ 134◦ 141◦ 126◦ 143◦ 118◦ 141◦ 104◦ 146◦
NF-VII 216◦ 157◦ 166◦ 167◦ 167◦ 172◦ 169◦ 175◦ 171◦ 178◦
NF-VI −−◦ −−◦ 284◦ 207◦ 288◦ 202◦ 293◦ 203◦ 292◦ 210◦
SC-IV 148◦ 110◦ 143◦ 153◦ 145◦ 179◦ 181◦ 144◦ 176◦ 89◦
SC-VII −−◦ 37◦ 96◦ 61◦ 99◦ 83◦ 119◦ 67◦ 122◦ 54◦
SC-VI 129◦ 129◦ 201◦ 128◦ 234◦ 138◦ 241◦ 125◦ 264◦ 134◦
CU-IV 151◦ 153◦ 163◦ 171◦ 168◦ 172◦ 169◦ 173◦ 170◦ 175◦
CU-VII −−◦ −−◦ 150◦ 162◦ 154◦ 163◦ 157◦ 164◦ 162◦ 165◦
CU-VI 22◦ −−◦ 231◦ 261◦ 274◦ 299◦ 298◦ 311◦ 305◦ 321◦
CD-IV 104◦ 107◦ 121◦ 108◦ 123◦ 117◦ 130◦ 128◦ 138◦ 133◦
CD-VII −−◦ 39◦ 125◦ 94◦ 122◦ 62◦ 124◦ 80◦ 121◦ 131◦
CD-VI 35◦ 53◦ 214◦ 182◦ 260◦ 254◦ 283◦ 286◦ 301◦ 300◦
Despite the fact that the aerodynamic conditions generated at the surroundings of
the vertical plate in that model are expected to be fairly different from the ones in the
vicinities of the vertical plates of the cases studied in this section, the effects on the phase
difference ψ(x*) distribution were similar, characterized by a jump to the negative side with a
magnitude similar to the cases of Table 5.6, associated to a recovering tendency downstream
the jump. The impacts, however, were different comparing torsional and heaving systems,
what was explained by the effects of the torsional velocity of the vertical plate on the flow
field in the torsional motion, which does not happen in the heaving motion.
From the results above, it is concluded that the influences of the vertical plate depend
on the characteristics of the flow in its upstream, and this dependence seems to get reduced
with the increase of the reduced wind velocity. In order to have an insight on the dependence
of these influences on the size of the vertical plate, a plate with double of the size, i.e. D,
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(a) Heaving (b) Torsion
Figure 5.26: Vertical plate in the gap, extracted from [6]
was installed in the model NF at the locations IV, VI and VII and the resulting unsteady
pressure characteristics (Fig.5.27 to Fig.5.29) were analyzed by comparing them with the
previous cases.
Although some dependence on the location of the vertical plate can be noticed, the
results show the same general tendencies of the models with vertical plate of size A. In
comparison with models NF-IV-A and NF-VII-A, models NF-IV-B and NF-VII-B exhibited
an enhancement of the effects of the vertical plate; the inflection points located downstream
the vertical plates in the unsteady pressure amplitude C˜p(x*) distributions were moved to
locations around the double of the distance in comparison with the cases with vertical plate
of size A, showing a direct proportionality between size of vertical plate and location of
peaks. Also, a slight increase on the values of the peaks C˜pmax is noticed. Upstream the
vertical plate, although the effects were hidden by the peak originated at the separation
point provided by the leading edge, an enhancement of the effects is also noticed, with a
broadening of the distributions associated to the increasing of the reduced wind velocity.
In the phase difference ψ(x*) distribution, the ”jump” was also slightly increased,
accompanied by a increasing in the distance where the influence of the vertical plates starts
to be felt upstream. Downstream the vertical plate, the recovering tendency is softened, and
the negative values induced by the vertical plate are kept for a longer distance.
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(a) Torsion
(b) Heaving
Figure 5.27: Unsteady pressure characteristics of case NF-IV-B
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Figure 5.28: Unsteady pressure characteristics of case NF-VI-B
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(a) Torsion
(b) Heaving
Figure 5.29: Unsteady pressure characteristics of case NF-VII-B
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However, in case NF-VI-B, which presents the larger distance from the leading edge and
is represented by Fig.5.28, although the effects of the vertical plate on the phase difference
ψ(x*) distribution were quite prominent, with a ”jump” of around 360◦, its effects on the
amplitude C˜p(x*) distribution were weaker, in comparison with the vertical plate of size A.
Based on that, it is confirmed that the influences of the vertical plate on the amplitude
C˜p(x*) distribution is decreased with the increasing of the distance from the leading edge,
contrarily to what is observed for the phase difference ψ(x*) distribution; and the increasing
of the size of the vertical plate enhances this disparity.
An additional comparison can be established by checking the effects of 2 vertical plates
of same size installed along the chord direction, for heights of D/2 and D, Fig.5.30 and
Fig.5.31 respectively.
For both sizes, the effects on the unsteady pressure characteristics were a kind of non
cumulative superposition of effects of cases NF-IV and NF-VI. Upstream the vertical plate
corresponding to position VI, both amplitude C˜p(x*) and phase difference ψ(x*) distributions
behave essentially as they do for case NF-IV (Fig.5.14 and Fig.5.27), and with the addition
of the vertical plate in the location VI, the unsteady pressure characteristics downstream
that point behaves as case VI (Fig.5.18 and Fig.5.28). As a result, the configurations of
unsteady pressure characteristics of cases V become the composition of the effects of cases
IV and VI, as both configurations were obtained separately.
The vertical plate of size A starts to exert its influences only downstream its location,
which means that the effects of plate VI on its upstream are practically imperceptible. In
the case of vertical plate of size B, the effects upstream are more appreciable, through the
increasing of the values of amplitude C˜p(x*) and the maintenance of the positive values of
ψ(x*) caused by the blockage effect; however, in its downstream the effects are essentially
the same as those observed in case NF-VI-B, Fig.5.28.
This is an important feature of the composition of vertical plates along the body‘s
surface. There seems not to exist an interaction between the individual effects of each vertical
plate, and the unsteady pressure characteristics downstream the vertical plate are influenced
basically by only that vertical plate itself, regardless what exists in its upstream. However,
this should not be treated as a generalization, since only few cases were investigated, and
although this assumption holds for the cases covered herein, it may present different effects
for different sizes of vertical plates and different geometric singularities.
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(a) Torsion
(b) Heaving
Figure 5.30: Unsteady pressure characteristics of case NF-V-A
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Figure 5.31: Unsteady pressure characteristics of case NF-V-B
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Concerning model CU, introduced in Section 5.2, there seems to exist a mixture be-
tween the influences of the cases with vertical plate installed at the leading edge, i.e. Section
5.2, and the cases with vertical plate installed along the chord direction, i.e. Section 5.3. The
amplitude C˜p(x*) distribution presents a behavior between both situations for all velocities
tested and the phase difference ψ(x*) distribution seems to be dominated by the effects of a
vertical plate at the leading edge in the lower velocity range, assuming a configuration sim-
ilar to the ones induced by a vertical plate along the chord direction in the higher reduced
wind velocity.
5.4 Vertical plate at the trailing edge
By installing a vertical plate at the trailing edge, the conclusions about the effects in its
upstream can be better assessed. The results of the wind tunnel tests are reported in
Fig.5.32 to Fig.5.35.
For all cases, the effects are quite similar in both heaving and torsional systems. Com-
paring case NF-III-A, Fig.5.34, with the model without vertical plate, i.e. NF in Fig.4.10, it
is noticed that a vertical plate installed at the trailing edge can exert its influence on both
amplitude C˜p(x*) and phase difference ψ(x*) distributions even at locations as far away as
the leading edge. The distributions seem to be compressed and this can be understood as
a reduction of the wave length developed along the body, leading the unsteady pressure
characteristics of the model to behave as it had a greater side ratio B/D. This effect is even
enhanced when a vertical plate of type B is used, in the case of model NF-III-B in Fig.5.35.
However, when there already exists a vertical plate at the leading edge, i.e. cases
NF-I-A and NF-I-B, the equivalent bluffness of the body is increased, as already discussed
in section 5.2, and the addition of a vertical plate at the trailing edge. i.e. cases NF-II-A
and NF-II-B, does not have a major impact on the unsteady pressure characteristics of the
models, being restricted to the same influences related to the blockage effect perceived in
the cases of Section 5.3. The effects are felt mostly in the amplitude C˜p(x*) distribution and
it is possible to infer that the same phenomena observed in the cases with 2 vertical plates
installed along the body surface, i.e. NF-V-A and NF-V-B, also take place in cases NF-II-A
and NF-II-B, and their resulting unsteady pressure characteristics are the resultant of a non
cumulative superposition of effects.
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Figure 5.32: Unsteady pressure characteristics of case NF-II-A
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(a) Torsion
(b) Heaving
Figure 5.33: Unsteady pressure characteristics of case NF-II-B
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Figure 5.34: Unsteady pressure characteristics of case NF-III-A
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(a) Torsion
(b) Heaving
Figure 5.35: Unsteady pressure characteristics of case NF-III-B
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Finally, it seems that the effects of the vertical plate at the trailing edge are better
perceived in bodies with larger side ratios, being useful for the increasing of the equivalent
side ratio.
5.5 Concluding Remarks
This chapter provided an overview of the effects of vertical plates installed along the up-
per surface of rectangular cylinders on their unsteady pressure characteristics, through the
analysis of the impacts on the equations proposed in Chapter 4 and on the shapes of the
resulting distributions themselves. As a basic conclusion, vertical plates were proved to be
good devices for the manipulation of the unsteady pressure characteristics of rectangular
cylinders, since their effects were quite prominent and measurable, and it is assumed as a
generalization that they are also of great value in any geometry of cross-section.
Vertical plates installed near the leading edge led the resulting unsteady pressure char-
acteristics of the rectangular cylinders to assume configurations similar to those obtained
with rectangular cylinders with a lower side ratio. The equivalent side ratio differed from
the apparent side ratio by a factor of 0.5 and showed itself to keep a close relationship with
the size of the vertical plate, being finally regarded to the wave length developed along the
body‘s surface. These effects could be caught by the equations proposed in Chapter 4, pro-
vided the necessary arrangements in their parameters considering this reduction of side ratio
were performed, and can be surely used in advantage for the manipulation of the unsteady
pressure characteristics towards flutter stabilization.
Since the increasing of the ”apparent” bluffness of the body (reduction of the apparent
side ratio) may impact negatively on the flutter stability, vertical plates near the leading edge
may need to be associated to other geometric singularities along the body‘s surface to provide
stable configurations of unsteady pressure characteristics, according to the conclusions of
Chapter 3. Because the effects of vertical plates were proved to be closely related to their size,
their use in the manipulation of the unsteady pressure characteristics should be associated
to the judicious adjustment of this key parameter.
Vertical plates installed along the chord direction presented a quite different impact
on the unsteady pressure characteristics, by promoting a peak in the amplitude C˜p(x*)
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distribution and a ”jump” in the phase difference ψ(x*) distribution. The location of the
peak in the amplitude C˜p(x*) distribution was found to be directly related to the size of
the vertical plate; however the ”jump” in the phase difference ψ(x*) distribution was always
located at the vertical plate position. The influences of the vertical plate on the peak values
C˜pmax promoted in the amplitude C˜p(x*) distribution decreased with the increasing of the
distance from the leading edge, contrarily to what was observed for the phase difference ψ(x*)
distribution, and the increasing of the size of the vertical plate enhanced this relationship.
This leads to a non-linear relationship between size and location of vertical plates and
aerodynamic derivatives, which can be rationalized only by considering the impacts of the
vertical plates individually on the amplitude and on the phase difference distributions. So
the importance and the applicability of the information presented in this chapter is high-
lighted and corroborated, since the impacts of the vertical plates on the unsteady pressure
characteristics showed themselves quite measurable and able to be put in the forms of equa-
tions. Further investigations are required for the improvement of these relationships, and
are expected as future works.
By using the relationships between the jump in the phase difference ψ(x*) distribution,
the location of the peak in the amplitude distribution and the size of the vertical plate, an
optimal size that makes the phase difference to fit in the stable zone can be easily defined.
In the vertical plates investigated herein, i.e. height D/2 and height D, the jumps were
quite big. Because of that, smaller vertical plates should be preferred. This optimal size
should be associated to a proper position. In the case of a B/D=20 rectangular cylinder, this
position would be in the middle of the cross-section (position VII), since it induces a pattern
in the phase difference distribution proper for flutter stabilization (according to Chapter 3).
However, other shapes or even rectangular cylinders with different side ratios may require
different positions and sizes.
The influences of single vertical plates were found to be dependent on the characteristics
of the flow upstream their locations, which were reduced with the increase of the reduced
wind velocity. Because of that, the potentiality of inducing peaks in the C˜p(x*) distribution
is directly related to the conditions of the oncoming flow before reaching the vertical plate,
in terms of proximity to reattachment points and levels of C˜p(x*), which enhances the role
played by the leading edge plays in this process. However, in compositions with two vertical
plates, there seemed not to exist an interaction between the individual effects of each vertical
plate. As a result, the unsteady pressure characteristics downstream the second vertical plate
are influenced basically by only that vertical plate itself, regardless the configuration in its
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upstream. However, this should not be treated as a generalization, since only few cases were
investigated, and although this assumption holds for the cases covered herein, it may present
different effects for different sizes of vertical plates and different geometric singularities.
The differences in terms of impacts of the vertical plate in the torsional system and
in the heaving system showed some dependence on the leading edge and in this sense the
semi-circular leading edge, i.e. SC, showed itself a good device for breaking the aerodynamic
derivatives interdependence, since considerably different arrangements between torsional and
heaving systems could be obtained for the unsteady pressures characteristics. This might
have some relationship with the Reynold‘s number effect and deserves deeper investigations.
The vertical plates investigated in this chapter exerted their effects not only down-
stream their location, but also upstream, due to a recirculation of the flow caused by the
blockage effect. This does not mean that all geometric singularities will have the same effect,
and even vertical plates with smaller sizes may not present effects upstream. The effects in
terms of distance of the peaks from the vertical plate, both upstream and downstream, and
also the values of the peaks, were found to be proportional to the size of the vertical plates,
in the range of sizes investigated.
Finally, it seems that the effects of the vertical plate at the trailing edge are better
perceived in bodies with larger side ratios, being associated to increasing even more the
equivalent side ratio, contrarily to what can be observed for vertical plates installed near the
leading edge, which were found to promote a reduction of the equivalent side ratio.
Chapter 6
Effects of the Gap on the Unsteady
Pressure Characteristics of Two-Box
Cross-Sections
6.1 Introduction
Bridge cross-sections composed by two single boxes separated by a void space (air gap) have
been referred in the technical literature by different terms, e.g. slotted box girder, two-box
girder, twin-box girder, 2-box girder, separated box girder, etc. However, all definitions
point to the same concept, recognized to provide stable solutions for long span bridges and
resulting in considerably lighter structures compared to opaque decks, which makes them
economically attractive.
The presence of the gap is recognized to play major role for this attractiveness, and
this has been extensively reported in the technical literature [15, 16, 17, 18, 118, 119], with
positive associations between the benefits of increasing the gap length and the flutter stability
of the bridge. The details of the mechanisms of aerodynamic stabilization provided by such
a kind of cross-section are still not fully clarified [6]; however, the reduction on the relative
density of the deck provided by the existence of open spaces is an important factor in the
maintenance of values of total torsional damping in a level high enough, which can also be
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associated to the ratio between gap length and deck width [38]. In addition, openings in the
deck reduce the destabilizing pitching moment originated by the twist [38] and the quasi-
static coefficients of aerodynamic resistance to torque and lift [35], increasing the flutter
onset speed.
Nevertheless, the existence of open spaces along the deck is not beneficial in terms of
flutter stability in all circumstances. Depending on the location and on the opening ratio,
the flutter onset may also be decreased, even for two box girders (with a central gap) [120].
Associations with the characteristics of the single box were attempted by Yang et al. [121],
leading also to the conclusion that central-slotting is not always able to improve the stability,
which will depend on the aerodynamic characteristics of the original cross-section and on
the gap length. In addition, associations with the effects of grating have shown dependency
on the Reynold‘s number [16, 122, 123]. Based on all above, it is recognized that for every
cross-section and characteristic of gap different general behaviors may be expected.
Usually, it is assumed that both boxes behave as a rigid body, which is guaranteed by
transverse beams rigid enough to prevent the two decks to twist independently, i.e. beyond
an acceptable value. Another structural aspect is that the torsional stiffness necessary to
prevent flutter increases with the increase of the span, impacting substantially on the cost
of the construction. So reducing or even eliminating the need of torsional stiffness is a good
strategy for reducing the costs, which can be acquired through aerodynamic improvements.
The values of gap length have been usually referred as a ratio to the width B∗ of one
single box, and studies conducted on slotted girders have already accounted for the good
aerodynamic stability of cross-sections with gap length > 0.25B∗[120]. However, because
the costs increase with the increase of the gap length, the shorter the gap, the better. Usual
values have been limited to not longer than 1.0B∗, as Stonecutters Bridge in Hong Kong
with gap length of 0.73B∗ and the proposed Kitan Straits bridge in Japan with gap length
of 0.34B∗ [18].
In this chapter, the gap will be faced as a geometric singularity. So its influences on
the unsteady pressure characteristics of two-box cross-sections will be investigated through
wind tunnel tests, by considering the studies performed in the previous chapters. A wide
range of gap lengths will be tested, with the presence of grating and vertical plates in some
configurations. The interactions of these additional geometric singularities with the gap in
terms of resulting impacts on the unsteady pressure characteristics will also be investigated,
providing additional information concerning the subjects addressed in Chapter 4 and in
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Chapter 5.
6.2 Wind Tunnel Tests
The wind tunnel experiments of this chapter were conducted by focusing on the influences
of the gap length on the unsteady pressure characteristics of two-box cross-sections. Also,
the impacts of some geometric modifications, as gratings and vertical plates, on the overall
aerodynamic characteristics of the models were investigated.
The techniques used for the measurement of the pressures along the models are de-
scribed in Appendix B and are basically the same used in the previous chapters. The two-box
cross-sections are formed by 2 rectangular cylinders with side ratio B∗/D=20 each, sepa-
rated by different values of gap length – 0B∗, 0.1B∗, 0.25B∗, 0.5B∗, 1.0B∗, 1.5B∗, 2.0B∗,
3.0B∗– with the rotational pivot fixed at the midpoint of both cylinders. Gratings with
35% of permeability and vertical plates with height = D located at the middle of the chord
direction of the upstream box (case VL) and of both boxes (case VB) were installed in the
models with gap length 1.0B∗ and 2.0B∗. The results are presented considering the reduced





where: B∗ is the width of a single box
The runs are identified throughout this study by a code composed by the gap length
and the motion code (H for heaving and T for torsion). In the case of grating (models 1.0B∗
and 2.0B∗), an additional code G is used; for the cases with vertical plate in the upstream
box the code VL is used and for vertical plate in both boxes VB is added to the code of the
respective runs.
The results are reported in Fig.6.1 to Fig.6.14, in terms of unsteady pressure charac-
teristics.
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(a) Torsion
(b) Heaving
Figure 6.1: case 0B∗: two-box B∗/D=20 with gap=0
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(a) Torsion
(b) Heaving
Figure 6.2: case 0.1B∗: two-box B∗/D=20 with gap=0.1B∗
158Effects of the Gap on the Unsteady Pressure Characteristics of Two-Box Cross-Sections
(a) Torsion
(b) Heaving
Figure 6.3: case 0.25B∗: two-box B∗/D=20 with gap=0.25B∗
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(a) Torsion
(b) Heaving
Figure 6.4: case 0.5B∗: two-box B∗/D=20 with gap=0.5B∗
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(a) Torsion
(b) Heaving
Figure 6.5: case 1.0B∗: two-box B∗/D=20 with gap=1.0B∗
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(a) Torsion
(b) Heaving
Figure 6.6: case 1.5B∗: two-box B∗/D=20 with gap=1.5B∗
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(a) Torsion
(b) Heaving
Figure 6.7: case 2.0B∗: two-box B∗/D=20 with gap=2.0B∗
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(a) Torsion
(b) Heaving
Figure 6.8: case 3.0B∗: two-box B∗/D=20 with gap=3.0B∗
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(a) Torsion
(b) Heaving
Figure 6.9: case 1.0B∗ VL: two-box B∗/D=20 with gap=1.0B∗ and vertical plate in the
leeward box
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(a) Torsion
(b) Heaving
Figure 6.10: case 1.0B∗ VB: two-box B∗/D=20 with gap=1.0B∗ and vertical plate in the
both boxes
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(a) Torsion
(b) Heaving
Figure 6.11: case 1.0B∗ G: two-box B∗/D=20 with gap=1.0B∗ and grating
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(a) Torsion
(b) Heaving
Figure 6.12: case 2.0B∗ VL: two-box B∗/D=20 with gap=2.0B∗ and vertical plate in the
leeward box
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(a) Torsion
(b) Heaving
Figure 6.13: case 2.0B∗ VB: two-box B∗/D=20 with gap=2.0B∗ and vertical plate in the
both boxes
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(a) Torsion
(b) Heaving
Figure 6.14: case 2.0B∗ G: two-box B∗/D=20 with gap=2.0B∗and grating
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6.3 Overall Analysis
The influences of the gap and of the consequent increase of the total width of the cross-section
on the unsteady pressure characteristics of two-box cross-sections composed by B∗/D=20
rectangular cylinders present themselves differently when heaving and torsional systems are
compared, breaking the aerodynamic derivatives interdependence.
For the upstream box, the unsteady pressure amplitude C˜p(x*) distributions barely
change with the increase of the gap length in both heaving and torsional systems; however,
on the phase difference ψ(x*) distributions the impacts of changing the gap length are quite
remarkable. The general aspect of the curves of the phase difference ψ(x*) distributions is
very similar; however, with the increase of the gap length they exhibit a stretching effect,
accompanied by a positive bias effect in the torsional system.
Comparing the unsteady pressures amplitude C˜p(x*) distributions of the upstream
box, Fig.6.1 to Fig.6.14, with the wind tunnel test results of the single B/D=20 rectangular
cylinder reported in Fig.4.10, it is possible to verify that the peaks assume similar values for
the same reduced wind velocities and their locations agree quite well with the relationship
x∗0=4.4D, also presented in B/D=20 rectangular cylinders. In addition, the shape of the
curves can be approximated by an Weibull distribution, Eq.4.5, and the broadening of these
distributions, which was regarded to an increasing of the circular wave number of the phase
difference ψ(x*) distributions and related to the wave length in Chapter 4, can also be
observed.
In terms of equations of motion, both boxes of a two-box cross-section oscillating
in heaving motion are synchronized and can be represented by the same equation, i.e. a
sinusoidal 1 DOF harmonic heaving motion. However, when the system is oscillating in
torsion, a 2 DOF system composed by heaving and torsional simultaneous oscillations must
be considered for each box. For the upstream box, the torsional motion lags the heaving
motion by a phase difference of 90◦, and in the downstream box the opposite occurs; in other
words, it would be the same as affirming that the heaving motions of the boxes are separated
by a phase difference of 180◦ between each other.
Matsumoto [82] suggested that for B/D=20 rectangular cylinders the resulting un-
steady pressure characteristics of such a kind of 2 DOF system would be the resultant of a
composition of the pressure characteristics of the two motions, which through a superposi-
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tion of effects would produce the final unsteady pressure characteristics of the system. This
explains in part the increasing of the differences between the unsteady pressures character-
istics of heaving and torsional systems in two-box cross-sections as the gap length increases;
with the increase of the gap length, the amplitude of the vertical degree of freedom motion
of the torsional system also increases, enhancing its influences on the final result.
Primarily it would be thought that the gap in two-box cross-sections induces modifica-
tions in the flow circulation, making the boxes behave separately as a composition of 2 DOF
motions, being the superposition of effects regarded to an aerodynamic effect due to the ex-
istence of the gap. However, by comparing the distributions obtained for the cases in which
grating was used in the gap (1.0B∗ G and 2.0B∗ G) with the unsteady pressure character-
istics of the same cross-sections without grating (1.0B∗and 2.0B∗), only slight changes can
be observed. Basically, the differences are presented in the peak of the amplitude C˜p(x*) of
the downstream box, both in heaving and torsional motions, and no effect at all is produced
in the upstream box.
A tentative explanation for that supposed superposition of effects might be regarded
to a kind of ”arm length” effect, which is not exclusivity of pure two-box cross-sections.
The changing in the configuration of ψ(x*) must be related to the non-dimensionalized
distance from the center of motion where the pressure signals are measured, resulting in
that every cross-section that is slender enough to present relative large non-dimensionalized
displacements would present the same effect, by getting its phase difference distribution
deformed.
When compared to single-box B/D=20 rectangular cross-sections, Fig.4.10, the un-
steady pressure characteristics of the upstream box show strong similarities, in both systems
and for both phase difference and amplitude distributions. As for the downstream box, the
aerodynamic characteristics are still an open issue in the aerodynamic study of bridges. The
influences of the turbulence and of the vorticity generated by the motion of the upstream box,
with their inherent dependencies on the shape of the cross-sections and on the characteristics
of the gap, impose a complex combination of variables not possible yet to be integrated into
simple formulations, resulting in different patterns, compared to the upstream box.
In order to have a glance of these differences, Fig.6.15 [7] shows the results in terms of
instantaneous streamlines of CFD simulations on a two-box cross-section formed by B∗/D=5
rectangular cylinders with gap length = 1.0B∗, in torsional motion at position ϕ= +2◦ at
two different reduced wind velocities. By comparing this figure with the results produced
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in this chapter, Fig.6.1 to Fig.6.14, it is possible to identify some common patterns, even
considering that the side ratios of both cases are different. The flow seems to be almost
fully attached to the upper surface of the downstream box, being regarded to low levels
of velocity fluctuation (Fig.6.15), and this can be related to the nearly constant values of
phase difference observed in the downstream box of the models of this Chapter (Fig.6.1 to
Fig.6.14).
Figure 6.15: Instantaneous streamlines in torsional motion at position ϕ= +2◦ of two-box
cross-section formed by B∗/D=5 rectangular cylinders with gap length = 1.0B∗, at (a)
U/f.B2box= 5 and at (b) U/f.B2box= 15, extracted from [7]
For single box cross-sections, it has already been verified that the turbulence of the
oncoming flow influences the mean pressure distribution by increasing its maximum negative
peak and ”moving” the distribution upstream, steepening the pressure recovery [106]. This
phenomenon is also ”felt” by the unsteady pressures amplitude distribution, which shows
a similar behavior [124]. In terms of phase difference, the turbulence of the flow induces a
reduction of the ondulations length that can be mapped into Eq.4.2 through a decrease in
the values of ωψ and Aψ. The graphical response for these modifications is a softening of
the distributions towards a straight line. That is exactly what can be noticed in the phase
difference distributions of the downstream boxes of Fig.6.1 to Fig.6.14.
This nuance can be illustrated through Fig.6.16, extracted from a study about the ef-
fects of turbulence on the unsteady pressure characteristics of B/D=6.67 rectangular cross-
sections [5]. This figure shows the comparison between phase difference distributions ob-
tained in different reduced wind velocities, i.e. 3.1, 8 and 20, with different levels of longi-
tudinal turbulence intensity, i.e. smooth flow, Iu = 6% (Case 6a) and Iu = 12% (Case 12a).
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With the increase of the turbulence intensity (left to right) the phase difference distributions
tend to become straight lines.
Figure 6.16: Phase difference ψ(x*) distribution for different levels of turbulence in B/D=6.67
rectangular cylinders
These effects are associated to the reduction of the spanwise correlation of the wind
loads, which is also referred to a reduction of the spanwise coherence in the associated aero-
dynamic derivatives [58]. The net result of all that is translated into aeroelastic stabilizing
effects. However, for a larger 3turbulence scale, the effects might be different, resulting in
an increase of the spanwise coherence of the loads [100].
With the gradual increasing of the gap length, the influences of the upstream box
on the downstream box get reduced, leading the unsteady pressure characteristics of the
downstream box to exhibit characteristics of a single box. For the amplitude distribution
this tendency is very clear, for both heaving and torsional systems; however, for the phase
difference the behaviors are different according to each system. Although in the heaving
motion the tendency is more prominent, with almost a complete absence of the effects of
the gap in the phase difference ψ(x*) distribution for the lowest reduced wind velocity of
the model 3.0B∗, in the torsional system the arm length effect plays an important role and
should be considered.
In studies with parallel bridges, it has already been accounted for wake effects for
separation distances as long as 8 times the deck width [15] and although in practical terms
such a situation probably will never be experienced in real two-box bridges, the aerodynamic
effects of the gap on the downstream box of the models could be felt even for gap lengths as
long as 3.0B∗.
Despite the non applicability of such a long gap length for two-box cross-sections,
by analyzing the tendencies exhibited by the phase difference ψ(x*) and amplitude C˜p(x*)
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distributions with the increase of the gap length, it is possible to check tendencies and catch
important information to be used in the manipulation of the unsteady pressure characteristics
of two-box cross-sections with shorter gaps, closer to real cases. With that objective in mind,
the following analyses were conducted, focusing on clarifying the role played by the gap on
the flutter stability as a geometric singularity to be considered in the manipulation of the
unsteady pressure characteristics of bridge decks.
6.4 Aerodynamic Derivatives
The aerodynamic derivatives for all cases reported in Fig.6.1 to Fig.6.14, calculated through
the formulation introduced in Section 2.3.1, are shown in Fig.6.17 and Fig.6.18, correspond-
ing to the reduced wind velocities normalized by the total width of the resulting cross-
sections, Eq.6.2. The theoretical values provided by the Theodorsen function, Eq.2.31 to





where: B2box is the total width of the two-box cross-section, defined by B2box= 2.B
∗+ gap
length
The set of wind velocities used in the wind tunnel tests for the acquisition of the
data was the same for all configurations of models. This decision was made as an attempt to
equalize the impacts of the Reynold‘s number effects on the unsteady pressure characteristics
of the individual boxes, since the main focus of this investigation is exactly on the effects of
the gap on the unsteady pressure characteristics of each box. In doing so, the reduced wind
velocities calculated through Eq.6.1 provide the same values for all wind velocities, regardless
the gap length, and the effects of the gap can be isolated in the differences presented by the
unsteady pressure characteristics among the models, which are comparable among all the
velocity range, box by box.
However, considering a reduced wind velocity normalized by the total width of the
cross-section, according to Eq.6.2 and as used to build Fig.6.17 and Fig.6.18, the aerodynamic
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Figure 6.17: Aerodynamic derivatives for two-box cross-sections, not considering the geo-
metric singularities
derivatives exhibit different velocity scales. For the same wind velocity U, with the increase
of the gap length the reduced wind velocities get their values reduced. As a consequence,
the comparison between different models can be established only in the lower reduced wind
velocity range, since for the models with longer gap lengths the maximum reduced wind
velocity is in that range.
Nevertheless, some general conclusions can be drawn from the results reported in
Fig.6.17 and in Fig.6.18, considering the tendencies assumed by the aerodynamic deriva-
tives in the lower reduced wind velocity range.
For the cases in Fig.6.17, the increase of the gap length induced a reduction on the
absolute values of all aerodynamic derivatives, more or less prominently according to each
derivative. For the H∗i derivatives, this effect was stronger for the sine components of
the phase difference ψ(x*) distribution, i.e. H∗2 and H
∗
4 , and less visible for the cosine
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Figure 6.18: Aerodynamic derivatives for two-box cross-sections, considering the geometric
singularities
components, i.e. H∗1 and H
∗
3 . As for the A
∗
i derivatives, although the effects were more
visible in A∗1, all derivatives presented considerable impacts. The derivative A
∗
2 presented a
particular effect, by getting its absolute values increased with the increase of the gap length
until the gap length = 1.0B∗, from where the tendency is inverted and the values start to
decrease with the increase of the distance between boxes.
Considering the impacts of the aerodynamic derivatives on the flutter stability as in
Table 3.1, it is noted that the benefits of the increase of the gap length are mostly related





which can be considered beneficial until the gap length = 1.0B∗. In terms of H∗1 and H
∗
3 the
increase of the gap length could not show a major influence, being regarded to secondary
effects.
The results reported in Fig.6.18 show more complicated tendencies, harder to be ratio-
nalized as done for the cases of Fig.6.17; depending on the gap length, on the arrangements
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of the vertical plates and on the use of grating, different tendencies are exhibited for the
same gap length. However, a point in common in all derivatives is that the increase of the
gap length enhances the effects of the geometric singularity.
This complexity in terms of aerodynamic derivatives caused by the interaction between
different geometric singularities undermines the study of the impacts of geometric modifica-
tions on the flutter stability from an aerodynamic derivatives point of view, reinforcing and
corroborating the motivation of doing so from an unsteady pressure characteristics point of
view.
A more accurate representation of the tendencies imposed by the increase of the gap
length on the values of the aerodynamic derivatives can be obtained by presenting the results
considering the reduced wind velocities calculated through Eq.6.1. However, in that case the
aerodynamic derivatives present scale distortions and should be read with care. Fig.6.19
presents the results for all models investigated in this chapter, with the theoretical values
(through Theodorsen function) calculated for the half width b.
In Fig.6.19, the reduction of the absolute values of all derivatives with the increase of the
gap length gets clearer, even for A∗2. Although in the models with no geometric singularities
(vertical plates and gratings) this tendency is quite linear, for the models with geometric
singularities the relationships between geometric singularities and gap length show more





4 , although the gap length tends to show more relevant effects and to control the
tendencies, the relationships show non linear behaviors. As a consequence, every comparison
that might be established at this level would be based on a case by case approach, in which
all characteristics of the cross-section should be taken in consideration as a whole.
The Theodorsen function has been a benchmark in terms of aerodynamic derivatives
in the studies of bridge decks. However, it does not include the effects caused by the aero-
dynamic interference due to the existence of the gap neither the impacts on the normalized
dimensions of the reduction of the solidity ratio with the increase of the gap length. Because
of that, its use with two-box girders should be considered with some reserve.
Since the values of the derivatives are calculated by considering a normalized deck width
B = 2, which is kept constant regardless the gap length, the contributions of the opaque
surfaces where the pressures are measured for the composition of the final value of the
derivatives get proportionally reduced. A direct consequence of that, in terms of numerical
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Figure 6.19: Aerodynamic derivatives for two-box cross-sections considering reduced wind
velocity normalized by B∗ (Eq.6.1)
results, is the deformation of the proportionality between the different models, represented
by the tendency of reduction of the absolute values of all aerodynamic derivatives with the
increase of the gap length, visible in all cases of this section.
This deformation hides the aerodynamic effects of the gap on the whole system. So
a better approach would be based on the individual comparison between each model and a
standard adapted to include this changing in the solidity ratio of the models, i.e. equivalent
Theodorsen function adapted for two-box cross-sections. By comparing the deviations from
this new standard, case-by-case, the real aerodynamic influences of the gap length can be
better identified.
The adaptation of the Theodorsen function to be used with two-box cross-sections can
be attained by considering a system composed by two plates symmetrically disposed around
a pivot point, whose midchord points are spaced by a distance a from the center of rotation.
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This can be obtained by considering the arm length a in Eq.2.20 to Eq.2.27 as the result of
b+gap length/2, followed by the necessary adjustments in the reference reduced wind velocity
considering that B∗ becomes b for gap length = 0, which finally leads to Eq.6.3 to Eq.6.10.
k .H ∗1 = 2 . [−2 .pi.F (k)] (6.3)
























k .H ∗4 = 2 . [2 .pi.G(k)] (6.6)
k .A∗1 = 2 . [pi.F (k)] (6.7)
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(6.9)
k .A∗4 = 2 . [−pi.G(k)] (6.10)
In order to investigate the effects of the gap on the unsteady pressure characteristics
through an aerodynamic derivatives point of view, a better comparison between models in a
same figure can be tried by calculating the aerodynamic derivatives by considering only the
pressure distribution of the boxes, assuming a value of gap length = 0 in equations Eq.2.52
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to Eq.2.59, so that the effects of the arm length and the solidity ratio in the results can
be eliminated. By comparing with the equivalent theoretical equations adapted for two-
box cross-sections, Eq.6.3 to Eq.6.10, and with the original Theodorsen function, Eq.2.31 to
Eq.2.38, the aerodynamic effects of the gap on the unsteady pressure characteristics can be
highlighted. The results for the basic cases, i.e. excluding vertical plates and gratings, are
reported in Fig.6.20.
Figure 6.20: Aerodynamic derivatives, not considering the gap length in Eq.2.52 to Eq.2.59
The interpretation of Fig.6.20 is that the closer to the values of the adapted theoreti-
cal equations the aerodynamic derivatives are (and the farer from the original Theodorsen
function), the smaller the aerodynamic effects of the gap on the unsteady pressure charac-
teristics, since the adapted equations do not take them in consideration. Also, the smaller
the oscillations of the values among different models for a same derivative, the smaller the
aerodynamic effects of the variation of the gap length.
In this sense, the only aerodynamic derivative which shows a considerably high aero-
dynamic dependence on variations of the gap length is A∗2, which gets its value closer to the
adapted theoretical equation as the gap length increases. The other aerodynamic derivatives
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seem to be not so strongly influenced by it, showing different tendencies: while H∗1 and A
∗
4







ter correlated with the original Theodorsen function; H∗4 presents an independent behavior,
similar to the one assumed by B/D=20 rectangular cylinders (Fig.4.9).
The same analysis can be performed with the cases in which geometric singularities,
i.e. vertical plates and gratings, are used in the models. The results for these configurations
are reported in Fig.6.21
Figure 6.21: Aerodynamic derivatives with geometric singularities, not considering the gap
length in Eq.2.52 to Eq.2.59
With the exception of A∗2, the determinant factor for all derivatives was the type
of singularity used, since regardless the gap length the curves were grouped two by two
according to each one of the singularities. As a conclusion, it can be thought that the
effects of the singularities used in the experiments on the unsteady pressure characteristics
of the models were independent of the gap length, which plays a minor role in the process
of aerodynamic interference, by only enhancing or attenuating the effects of the singularities
through the consequent impacts on the solidity ratio and on the arm length used in the
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calculation of the aerodynamic derivatives through Eq.2.52 to Eq.2.59. This point of view
is indeed supported by the comparison in a singularity by singularity basis of the unsteady
pressure characteristics reported in Fig.6.9 to Fig.6.14, which shows only small differences
between configurations with the same singularity, even for different values of gap length. In
the case of A∗2, the gap length plays a more significant aerodynamic role for the definition of
its final value.
Based on the analyses done on Fig.6.20 and Fig.6.21, it is concluded that the differences
presented in Fig.6.17, Fig.6.18 and Fig.6.19 are more related to modifications in the solidity
ratio and in the arm length (in the case of A∗i derivatives) than to modifications on the
unsteady pressure characteristics themselves, and this fact reinforces the argument that
on the understanding of the effects of the geometric improvements on the flutter stability
of a given cross-section the focus should be put on the unsteady pressure characteristics,
not directly on the aerodynamic derivatives. Although the existence of the gap induces
modifications on the unsteady pressure characteristics of the downstream box, the role of the
variation of the gap length is regarded mostly to mathematical effects on Eq.2.52 to Eq.2.59,
with low aerodynamic effects on the unsteady pressure characteristics of the models.
As a reminder, it must be kept in mind that in the construction of Fig.6.20 and Fig.6.21
the effects of gap length on the equations used to integrate the forces over the surface of the
models were neglected. Because of that, the global effects of the gap can only be described
by considering the results presented in Fig.6.17, Fig.6.18 and Fig.6.19, which should the ones
used in flutter analysis.
6.5 Flutter analysis
Early researches in the development of the concept of perforated decks [38] have already
accounted for the increasing of the flutter speed related to the use of such a kind of cross-
section, in which two-box cross-sections are included. This improvement comes in the inverse
proportion of the solidity ratio, which is a parameter that relates opaque and open surfaces.
A complementary explanation can be obtained by analyzing the unsteady pressure
characteristics of Fig.6.1 to Fig.6.14. One of the important effects of the gap is the promotion
of a peak in the amplitude distribution downstream the center of the motion, i.e. in the
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leading edge of the downstream box, which was already recognized in Chapter 3 to bring
stabilizing effects for flutter when associated to values of phase difference located in the
stable zone.
In general terms, the importance of the downstream box in two-box cross-sections for
the stability of the system increases proportionally with the increase of the gap length, since
any peak in the amplitude distribution of that box will have its normalized distance from
the center of motion increased. So with the increase of the gap length, if the phase difference
ψ(x*) of the location of that peak is in a stable zone, the whole cross-section tends to become
more stable; and in case the phase difference is not in a stable zone the cross-section may
become unstable.
In order to verify that assumption, complex eigen-value flutter analyses were conducted
for the models that produced the unsteady pressure characteristics of Fig.6.1 to Fig.6.14,
by using the same structural and wind velocity parameters used in the analyses performed
in Chapter 3, which presented among other factors a frequency ratio fϕ/fη=1.3. Also, the
theoretical onset velocities were calculated by using the aerodynamic derivatives calculated
through Eq.6.3 to Eq.6.10, not showing instability for any gap length. The results are
reproduced in Table 6.1 for the cases without singularities and in Table 6.2 for the cases
with singularities, confirming that with the increase of the gap length the flutter tends to
be avoided, since the peak at the leading edge of the amplitude C˜p(x*) distribution of the
downstream box, associated with ”stable” values of phase difference, is automatically moved
downstream.
Table 6.1: Flutter onset of two-box cross-sections, frequency ratio fϕ/fη= 1.3
0B∗ 0.1B∗ 0.25B∗ 0.5B∗ 1.0B∗ 1.5B∗ 2.0B∗ 3.0B∗
Experimental 9.5 m/s 10.5 m/s 11 m/s — — — — —
Theoretical — — — — — — — —
Although the presence of a vertical plate in the upstream box contributes for desta-
bilization, due to the values of phase difference ψ(x*) induced by it, flutter does not occur.
This can be explained by two reasons: the unsteady pressure characteristics of the model in
locations upstream the vertical plate promote very high stabilizing effects, since the vertical
plate creates a zone of high amplitudes C˜p(x*) in its upstream, which associated with the
stabilizing effects of the ”stable” values assumed by the phase difference at that region con-
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Table 6.2: Flutter onset of two-box cross-sections with vertical plates and grating, frequency
ratio fϕ/fη= 1.3
1.0B∗ G 1.0B∗ VL 1.0B∗ VB 2.0B∗ G 2.0B∗ VL 2.0B∗ VB
Experimental — — 18.5 m/s — — 14 m/s
Theoretical — — — — — —
tributes strongly for the stabilization; also the downstream box presents very stable unsteady
pressure characteristics.
However, the introduction of a vertical plate in the downstream box breaks the benefits
caused by the upstream locations of the upstream box and also imposes values of phase
difference considered not stable in the downstream box. As expected, the destabilization was
more prominent in model 2.0B∗, which has a larger gap length that consequently enhances
the influence of the downstream box on the instability of the system.
Considering the influences of the arm length on the definition of the A∗i derivatives,
especially on A∗2, the increase of the gap length enhances even more their effects, becoming
another nuance of the aerodynamics of two-box cross-sections.
For the cases in which grating was used in the central gap, although the reduction of the
peak of the amplitude of the unsteady pressure in the downstream box is expected to reduce
the stability of the cross-section, the unsteady pressure characteristics of the whole system
show themselves very stable, and flutter does not occur. Comparing the evolution of the
damping with the increase of the wind velocity between cases with (1.0B∗ G and 2.0B∗ G)
and without grating (1.0B∗and 2.0B∗), Fig.6.22 and Fig.6.23, a decrease in the level of
damping can be indeed noticed in 1.0B∗ G and 2.0B∗ G cases in the torsional branch in the
higher wind velocity range. However the amount of decrease is too small to be considered
important and does not affect the stability of the cross-section.
In the theoretical case of a flat plate, whose aerodynamic derivatives are calculated
through the original Theodorsen function, the components responsible for the aeroelastic
forces are concentrated in the leading edge of the cross-section, due to the peak with ”infinite”
magnitude inherent to this theoretical cross-section in its amplitude C˜p(x*) distribution.
When two of such plates are disposed as the arrangement of two-box cross-section proposed
6.5 Flutter analysis 185
(a) case 1.0B∗: Without grating (b) case 1.0B∗ G: With grating
Figure 6.22: damping for gap = 1.0B∗
in Section 6.4 through Eq.6.3 to Eq.6.10, the same ”infinite” peak will also be presented
right downstream the midchord point, in a normalized distance from this midchord point
that increases with the increasing of the gap length. According to the discussions of Chapter
3, this situation contributes for flutter stabilization and explains in part the fact that the
theoretical values of aerodynamic derivatives have not exhibited flutter instability.
By tracing the evolution of the damping of the torsional branch (the most susceptible
to destabilization for these cross-sections) with the increase of the gap length, it is possible
to identify the influences of the gap length itself on the stability of two-box cross-sections,
Fig.6.24. Since the aerodynamic characteristics of the plates are not affected by any aero-
dynamic interference (theoretical case), the only variable of the system is the gap length,
with its influences on the normalized coordinates of the cross-section and on the distances
from the rotation pivot. It shows that in the theoretical case the absence of the aerodynamic
interference that would be caused by the upstream box on the downstream box stabilizes
the flutter in two box cross-sections.
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(a) case 2.0B∗: Without grating (b) case 2.0B∗ G: With grating
Figure 6.23: damping for gap = 2.0B∗
The conclusions drawn from the flutter analyses reported in Table 6.1 and Table 6.2
are important for the understanding of some direct relationships between gap length and
flutter onset velocity. However, even considering that the frequency ratios fϕ/fη of actual
bridges have decreased lately, the value of 1.3 is still very conservative (vide Table 2.1). So
a new series of flutter analysis was conducted by considering a broader range of values for
fϕ/fη, by keeping the other parameters unchanged though. The results are in Table 6.3 and
Table 6.4.
Basically, the same conclusions obtained from Table 6.1 and Table 6.2 can be delineated
for the results of Table 6.3 and Table 6.4, i.e. increase of the stability with the increase of
the gap length, for both theoretical and experimental cases. Also, it is confirmed that with
the increase of the frequency ratio fϕ/fη the stability also increases, as already mentioned
in Chapter 2, resulting in that for values of frequency ratio fϕ/fη > 2 flutter occurs only in
models with gap length <1.0B∗and with vertical plates in both boxes, for the same reasons
explained before.
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Figure 6.24: Logarithmic decrement of the torsional branch of two-box cross-sections with
fϕ/fη= 1.3
This time, model 1.0B∗ G also exhibited flutter for higher frequency ratios, and the
boundaries of this instability can be understood with the help of Fig.6.25, which shows
that with the increase of the frequency ratio the torsional branch gets its damping reduced,
contributing for the destabilization of the system, which occurs when damping turns negative.
Although it has been recognized that the installation of grating on bridge decks brings
benefits in terms of flutter stabilization [125], for higher frequency ratios the reduction of
the peak of the unsteady pressure C˜p(x*) distribution at the leading edge of the downstream
box caused by the installation of the grating results in the occurrence of flutter. Considering
that the values of wind velocity are related to the model scale, the flutter onset can still be
considered high; however, it denotes the destabilizing effects caused by the grating in that
case, that does not occur for gap = 2.0B∗, in which the peak of C˜p(x*) is located more
downstream. This should not be treated as a generalization, since the effects of the grating
in the flutter stability are highly dependent on the opening ratio [16] and on the Reynold‘s
number effects [122]. Based on that, the results presented herein should be faced only from
an unsteady pressure characteristics point of view.
Since the costs of a two-box bridge are proportional to the gap length between girders,
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Table 6.3: Flutter onset of two-box cross-sections with different frequency ratios fϕ/fη -
cases without additional singularities
fϕ/fη 0B∗ 0.1B∗ 0.25B∗ 0.5B∗ 1.0B∗ 1.5B∗ 2.0B∗ 3.0B∗
0.5 experimental — — — — — — — —
theoretical — — — — — — — —
0.75 experimental — — — — — — — —
theoretical — — — — — — — —
1 experimental — — — — — — — —
theoretical — — — — — — — —
1.25 experimental 8.5 m/s 9.5 m/s 10.5 m/s — — — — —
theoretical — — — — — — — —
1.5 experimental 11.5 m/s 12.5 m/s 13 m/s — — — — —
theoretical — — — — — — — —
1.75 experimental 14.5 m/s 15.5 m/s 16 m/s 18.5 m/s — — — —
theoretical 66.5 m/s — — — — — — —
2 experimental 17.5 m/s 18 m/s 18.5 m/s 20.5 m/s — — — —
theoretical 56.5 m/s — — — — — — —
2.25 experimental 20 m/s 21 m/s 21 m/s 23 m/s — — — —
theoretical 56.5 m/s 87 m/s — — — — — —
2.5 experimental 22.5 m/s 23.5 m/s 24 m/s 25.5 m/s — — — —
theoretical 59 m/s 78.5 m/s — — — — — —
2.75 experimental 25 m/s 26 m/s 26.5 m/s 28 m/s — — — —
theoretical 62.5 m/s 77.5 m/s — — — — — —
3 experimental 27.5 m/s 28.5 m/s 29 m/s 30.5 m/s — — — —
theoretical 66.5 m/s 79 m/s — — — — — —
3.25 experimental 30 m/s 31 m/s 31.5 m/s 33 m/s — — — —
theoretical 70.5 m/s 81.5 m/s — — — — — —
3.5 experimental 32.5 m/s 33.5 m/s 34 m/s 36 m/s — — — —
theoretical 75 m/s 85 m/s — — — — — —
4 experimental 37.5 m/s 38.5 m/s 39 m/s 41 m/s — — — —
theoretical 84 m/s 93 m/s — — — — — —
5 experimental 47.5 m/s 48.5 m/s 49.5 m/s 50.5 — — — —
theoretical — — — — — — — —
6.5 Flutter analysis 189
Table 6.4: Flutter onset of two-box cross-sections with different frequency ratios fϕ/fη -
cases with vertical plates and grating
fϕ/fη 1.0B∗ G 1.0B∗ VL 1.0B∗ VB 2.0B∗ G 2.0B∗ VL 2.0B∗ VB
0.5 — — 27 m/s — — 13.5 m/s
0.75 — — 26.5 m/s — — 13.5 m/s
1 — — 19.5 m/s — — 13.5 m/s
1.25 — — 18.5 m/s — — 14 m/s
1.5 — — 18.5 m/s — — 14 m/s
1.75 — — 19 m/s — — 15.5 m/s
2 — — 20.5 m/s — — 16.5 m/s
2.25 — — 22 m/s — — 18 m/s
2.5 — — 23.5 m/s — — 20 m/s
2.75 29 m/s — 26 m/s — — 22 m/s
3 31 m/s — 28 m/s — — 23.5 m/s
3.25 33 m/s — 30.5 m/s — — 25.5 m/s
3.5 35 m/s — 33 m/s — — 27 m/s
4 39.5 m/s — 45 m/s — — 30 m/s
5 48.5 m/s — 45 m/s — — 36.5 m/s
(a) case 1.0B∗ G with fϕ/fη= 2.5 (b) case 1.0B∗ G with fϕ/fη= 2.75
Figure 6.25: damping for 1.0B∗ G: gap = 1.0B∗with grating
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short gaps are preferred; and considering the results reported in Table 6.3 and Table 6.4, it is
concluded that for the characteristics of the models adopted in this study good values would
be in the range of 0.5B∗ to 1.0B∗ for frequency ratios fϕ/fη> 1.75 , decreasing with the
decrease of fϕ/fη. Comparing the variation of the damping with the wind velocity obtained
for case 0.5B∗ with fϕ/fη= 1.75 and case 1.0B∗ with fϕ/fη= 1.75, Fig.6.26, it can be said
that the stability would be obtained by a small increase in the gap length, since for gap =
0.5B∗ the damping of the torsional motion is just little negative and for gap = 1.0B∗ it is
in a completely safe zone.
(a) case 0.5B∗ with fϕ/fη= 1.75 (b) case 1B∗ with fϕ/fη= 1.75
Figure 6.26: damping for fϕ/fη= 1.75, cases 0.5B
∗ and 1.0B∗
Although the conclusions above can not be understood as a generalization for all types
of cross-sections and dynamic characteristics, they serve as parameter for comparison, show-
ing concordance with values of gap length adopted in real bridges.
As a final comparison, to reinforce the importance of aerodynamic optimizations for
the improvement of flutter stability, flutter onset velocities were calculated considering the
real properties of the cross-section of Akashi Kaikyo Bridge, Table 6.5, combined with the
aerodynamic characteristics of five of the cross-section presented herein, i.e. 0B∗, 0.1B∗,
6.5 Flutter analysis 191
0,25B∗, 0.5B∗ and 1.0B∗. The results are reproduced in Fig.6.27, showing that for the
analyzed cross-sections the flutter onset increases with the increasing of the gap, reaching
the value obtained for the real bridge, i.e. 78 m/s, with a gap length around 1.0B∗.
Table 6.5: Properties of the cross-section used in flutter analysis
width B (m) mass (t.s2/m/m) I (t.m2.s2/m/m) fh (Hz) ft (Hz) δh δt
Akashi Kaikyo 35.5 m 2.87 736.1 0.0659 0.1592 0.033 0.033
Figure 6.27: Flutter onset Ucr for Akashi Kaikyo Bridge combined with aerodynamic char-
acteristics of models 0B∗, 0.1B∗, 0.25B∗, 0.5B∗ and 1.0B∗
The results show that for the specific case of Akashi Kaikyo a two-box cross-section
based on B/D=20 rectangular cylinders would not be efficient in terms of gap length. Com-
pared with the values of real bridges, this gap length, i.e. around 1.0B∗, can be considered
exaggerated, which implies in that improvements on the cross-section would have to be done
in order to reduce this value, as for example the case of the model 1.0B∗ VL for which flutter
stability could be eliminated, Fig.6.28.
The flutter analyses performed in this section were done not only with the objective of
providing background regarding the use of rectangular cylinders for the composition of two-
box cross-sections, but also to highlight the effects of the gap on the flutter onset velocity
of two-box cross-sections as a whole. The next section will focus on the aerodynamic effects
of the gap on the unsteady pressure characteristics of such a kind of cross-section, trying to
provide hints for how to use their impacts in advantage for flutter stabilization.
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Figure 6.28: Damping for Akashi Kaikyo Bridge combined with aerodynamic characteristics
of model 1.0B∗ VL
6.6 Unsteady Pressure Characteristics
As already mentioned in the Section 6.3, because the unsteady pressure characteristics of
each box in two-box cross-sections present themselves differently, the investigations should
be conducted by considering them separately.
While the pressure field around the upstream box can be regarded in some extent
to the one presented in a single box cross-section, the downstream box is highly affected
by the vortices shed from the upwind box, which affect substantially its unsteady pressure
characteristics. This vorticity can result in an excitation due to vortex shedding 3 to 4 times
stronger than it occurs in mono box girders. The use of geometric improvements has shown
good alternatives in the mitigation of this phenomenon, as the use of guide vanes in the
bottom plate of Stonecutters Bridge [126]. In the case of that bridge, the efficiency of the
geometric improvements showed a high dependence on the Reynold‘s number, and this must
be true for other kinds of cross-sections as well.
The differences imposed on the unsteady pressure characteristics by the different values
of gap length can be highlighted by comparing them through the superimposition of the
6.6 Unsteady Pressure Characteristics 193
(a) Torsion
(b) Heaving
Figure 6.29: U/f.B∗ = 7.5
unsteady pressure characteristics obtained for the different models in a velocity by velocity
basis, Fig.6.29 to Fig.6.39.
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(a) Torsion
(b) Heaving
Figure 6.30: U/f.B∗ = 10
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(a) Torsion
(b) Heaving
Figure 6.31: U/f.B∗ = 12.5
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(a) Torsion
(b) Heaving
Figure 6.32: U/f.B∗ = 15
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(a) Torsion
(b) Heaving
Figure 6.33: U/f.B∗ = 20
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(a) Torsion
(b) Heaving
Figure 6.34: U/f.B∗ = 25
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(a) Torsion
(b) Heaving
Figure 6.35: U/f.B∗ = 30
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(a) Torsion
(b) Heaving
Figure 6.36: U/f.B∗ = 35
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(a) Torsion
(b) Heaving
Figure 6.37: U/f.B∗ = 40
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(a) Torsion
(b) Heaving
Figure 6.38: U/f.B∗ = 45
6.6 Unsteady Pressure Characteristics 203
(a) Torsion
(b) Heaving
Figure 6.39: U/f.B∗ = 50
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By observing Fig.6.29 to Fig.6.39, it is perceived that with the increase of the reduced
wind velocity, the unsteady pressure characteristics of all models tend to get similar, both
for heaving and torsional motions. Also, the absolute values of phase difference tend to get
reduced, presenting the broadening already mentioned in Section 6.3. Another important
aspect is a continuity tendency from the upstream to the downstream box, in which the phase
difference distribution of the downstream box tends to be a continuation of the distribution
of the upstream box.
In terms of amplitude C˜p(x*) distribution, the variation of the gap length imposes
just slight modifications on the upstream box. In the torsional motion, it is virtually the
same distribution for all models along the whole range of reduced wind velocities. With the
increase of the wind velocity, the distributions tend to get broadened, with slightly broader
distributions for larger values of gap length though. This characteristic is more visible in
the lower velocity range, especially in the heaving motion.
In order to quantify the characteristics of the distributions, the unsteady pressure
characteristics of the model with gap length = 0B∗, Fig.6.1, were analyzed according to
the framework proposed in Chapter 4; the results are reproduced in Fig.6.40 and Fig.6.41.
Because this model is in reality a mono box cross-section with side ratio B/D = 40, it can
provide comparison parameters with model NF studied in that chapter, complementing its
conclusions and helping in the understanding of the relationships in two-box cross-sections
as well.
(a) Torsion (b) Heaving
Figure 6.40: Wave half-length for model with gap length = 0B∗
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(a) Torsion (b) Heaving
Figure 6.41: Circular wave number ωψ for model with gap length = 0B
∗
The agreement between the values obtained for the wave half-length λ/2 and for the
circular wave number ωψ through phase difference ψ(x*), Eq.4.2, and amplitude C˜p(x*),
Eq.4.5, distributions was very good, for both heaving and torsional systems, corroborating
the method proposed in Chapter 4. However, differently from the B/D = 20 rectangular
cylinders, Fig.4.15 and Fig.4.16, the values obtained for the B/D = 40 rectangular cylinder
showed a high discrepancy between torsional and heaving motions. While in the torsional
system the values seem to agree quite well with the tendency observed in B/D = 20 rectan-
gular cylinders, approaching the theoretical values with the increase of the wind velocity, in
the heaving system the values are around the double of the theoretical values.
The lack of agreement observed in the heaving system brings to the scene the arm
length effect mentioned in section 6.3. The unsteady pressure characteristics obtained for
the torsional motion are the resultant of the heaving and torsional motions combined in the
torsional system, and in the heaving system only the effects of a pure heaving motion exist.
It is reasonable to think that the wave length must be a function of the aerodynamic
conditions at the leading edge and that the increase of the afterbody length would not have
much influence on the wave length itself, resulting in the deformation of the relationship
between wave length and side ratio, observed in the heaving motion. However, with the
increase of the side ratio, the amplitude and velocity of motion of the leading edge in the
torsional system are also increased, impacting on the fluid dynamics conditions of the leading
edge. This must also be strongly related with the differences between heaving and torsional
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systems, since in the heaving motion such a variation does not occur.
In reality, despite the overall agreement obtained in Chapter 4, the results obtained
there for the torsional system in terms of wave number ωψ, Fig.4.16 and Fig.4.17, were more
consistent than the ones obtained for the heaving system. In that case, the side ratio was half
of the one of this chapter, which presents around the double of the values of wave number
ωψ for the heaving system, Fig.6.41-b. This might point to a relationship to be investigated
towards an improvement of the framework proposed in Chapter 4; however, in this sense a
wider range of side ratios would have to be considered.
Nevertheless, considering the thickness D of the models used in Chapter 4 and the
ones used in this chapter, and also the locations where the flow is supposed to reattach, a
relationship which explains the discrepancies observed in the heaving motion can be tried by
normalizing the wave lengths by the side ratio of the models. In doing so, a good agreement
between both cases is obtained also for the heaving system.
For the torsional system, the relationships seem to be independent of the side ratio
and the proportionality observed is related to the increasing of the participation of the
pressure characteristics of the heaving motion for the the final result, which increases with
the increase of the side ratio. The good agreement with the theoretical values, which was
also better obtained with B/D=20 rectangular cylinders (see the comments about Fig.4.16
in Chapter 4), must lead to the conclusion that the calculation framework already accounts
for that combination of effects.
As for the locations of the flow reattachment, considered coincident with the locations of
the peaks of the amplitude C˜p(x*) distributions, the values are around xR= 0.20 for all cases,
which is around 10% lower than the expected xR= 0.22 (estimated through the relationship
xR= 4.4D). This difference may be related to the resolution adopted for the pressure taps
used in the pressures measurement, which are separated by a normalized distance of 0.067,
which is much higher than the error of the estimations, i.e. 0.02. Based on that, it is possible
to conclude that the flow reattachment agrees very well with the mathematical estimations,
occuring at the same position regardless the model is whether in torsional or in heaving
motion,
Concerning the downstream box, the influences of the gap seem to result in different
patterns for both amplitude and phase difference distributions, in comparison with the ones
related to the upstream box. For the phase difference, the continuity tendency mentioned
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previously may be regarded as the main feature; however, it is also noticed that the larger
the gap length is, the lower the modulus of the phase difference, which assumes constant
values along almost the entire downstream box. Also, with the increase of the wind velocity,
the difference between the values of phase difference ψ(x*) between the different values of
gap length is reduced, agreeing with the same tendency showed in the upstream box.
It has already been accounted for this continuity tendency in Chapter 4, when the
description of the phase difference distribution of rectangular cylinders was proposed by
dividing it into two branches: the curvy branch, regarded to the sinusoidal equation Eq.4.2;
and the steady branch, with constant values along its development.
In the case of the two-box cross-sections studied herein, this steady branch is inter-
rupted by the gap. For the model 0B∗ the natural tendency of continuing the values from
upstream box to downstream box should be expected, since it is a rectangular cylinder,
which is indeed confirmed through Fig.6.1. However, by superimposing in the same figure
the phase difference ψ(x*) distributions of all models at a reduced wind velocity U/f.B∗= 50,
in non-normalized dimensions and starting from the leading edge of the upstream box, it is
noticeable that the same development of the curve is kept for all configurations throughout
the whole range of gap lengths, as if the gap did not exist, resulting that every distribution
seems to be continued by the next one, Fig.6.42.
Resorting to the configurations in which a vertical plate was installed in the upstream
box (Fig.6.9 for gap length = 1.0B∗ and Fig.6.12 for gap length = 2.0B∗), it is perceived
that despite the large differences presented by the phase difference distributions ψ(x*) of the
upstream box in comparison with configurations without the vertical plate (Fig.6.5 for gap
length = 1.0B∗ and Fig.6.7 for gap length = 2.0B∗), the phase difference distribution ψ(x*)
of the downstream box behaves virtually the same way it does for models without vertical
plate in the upstream box for both values of gap length.
This fact leads to the conclusion that the gap is dominant in the definition of the
phase difference distribution ψ(x*) of the downstream box, canceling the effects and not
”propagating” the influences of geometric singularities existent in its upstream. In that
sense, the continuity tendency from upstream box to downstream box must not hold.
So the description of the characteristics of the phase difference distribution ψ(x*) of the
downstream box can be tried by ignoring in some extent the influences of the upstream box,
considering only the existence of the gap, its length and the characteristics of the downstream
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(a) Torsion (b) Heaving
Figure 6.42: Phase difference ψ(x*) distribution at U/f.B∗= 50 for models with gap length
from 0B∗ to 3B∗, superimposed from the leading edge of the upstream box
box itself, i.e. a rectangular cross-section in this case.
In this sense, with the increase of the gap length, a ”movement” towards the positive
direction should be expected for the values of the phase difference ψ(x*) near the leading edge
of the downstream box. This can be expected because with the increase of the gap length
the distance from some arbitrary reference point at the middle of the gap also increases,
impacting consequently on the time a disturbance takes to bridge that distance. As a
consequence, a delay is imposed on the phase difference, which is translated into more
positive values.
This tendency can be indeed verified for the heaving motion along the entire velocity
range. However, for the torsional motion it is only partially confirmed, more specifically in
the lower reduced wind velocity range. In the higher wind velocity range the behavior is the
opposite.
Assuming as a reference value the phase difference at the leading edge of the down-
stream box of model 0B∗ (actually at the first pressure tap, which is located 10mm from
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the leading edge) and as a reference position the center of the gap (which coincides with
the leading edge of the downstream box of model 0B∗), it is possible to calculate an equiv-
alent gap length for all configurations. This calculation is based on the difference between
the values of phase difference at the leading edge of the downstream box of each model
and the value at the same position of model 0B∗. Assuming that one period of oscillation
T = 1/f = 1/2Hz = 0.5s corresponds to a phase difference of 360◦, an equivalent time
interval ∆t can be calculated. Taking that ∆t and the wind velocity U , the equivalent gap
length is obtained.
Since the reference position is at the middle of the gap, the equivalent gap length should
be the double of the value found in the calculations. The results obtained for both heaving
and torsional systems are reported in Fig.6.43, in which the inclined line represents the
expected value (real gap length).
(a) Torsion (b) Heaving
Figure 6.43: Equivalent gap length
Heaving and torsional systems show different behaviors. While the heaving system
tends to follow the expected values, the torsional system behaves in a totally different way.
In the heaving system, the inclinations of the curves are kept almost constant through-
out all gap lengths and nearly parallel to the curve (straight line) of expected values; this
indicates linearity in the relationships. With the increase of the wind velocity, there seems
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to be a bias added to the values of the equivalent gap lengths, and this might be an indicative
that the reference point (assumed as at the center of the gap) changes with the variation of
the wind velocity or even that the wind velocity in the wake is not exactly the one assumed
in the calculations, i.e. the wind velocity of the approaching flow.
The reference point, in reality, must be somehow related to characteristics of turbulence
of the wake generated by the upstream box (”inside” the gap), and the clear break of trend
existent between the gap length 1.5B∗ and 2.0B∗, which gets more prominent with the
increase of the wind velocity, must be related to a modification in the structure of the flow
inside the gap.
As for the torsional system, the behavior for the lower wind velocity range is similar
to what can be observed in the heaving system. However, with the increase of the wind
velocity, the inclinations of the curves change and for the higher wind velocity range the
equivalent gap length becomes negative. One possible interpretation for this phenomenon
might be related to an increase of the velocity of the pressure field in a different rate than
the wind velocity itself, as if the flow in the gap moved faster than the wind velocity.
This points to a fundamental difference between the flow patterns in the wake of the
upstream box between heaving and torsional oscillations. Even though the unsteady pressure
characteristics look similar, it is recognized that the flow around bodies in heaving and in
torsional motions, especially when geometric singularities are presented, may be different.
The reduction of the values of the equivalent gap length can be understood as a conse-
quence of the ”sheltering effect” caused by the upstream box on the downstream box while
in torsional motion. For positive angles of attack, the upstream box shelters the downstream
box and for negative angles of attack the flow is kept attached to the upper surface of the
upstream box, reaching directly the downstream box without having the change to be fully
detached. Compared to the heaving motion, the situation is quite different, since such a
”protection effect” does not take place.
A better understanding on these relationships can only be attained with investigations
on the pressure field in the gap, through flow visualization and velocity measurement tech-
niques. So the assertions about the velocity of the flow in the gap can be made by considering
also the size of the trailing edge vortices, which may whether involve the downstream box or
not, depending on the wind velocity, type of motion and shape of the upstream box. In this
thesis, since the focus is on the resulting unsteady pressure characteristics, these investiga-
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tions were not conducted, despite being essential for the understanding of the aerodynamics
related to two-box cross-sections.
As for the amplitude distribution, the main focus should be put on the tendency the
peaks show to increase in value and move downstream (in relation to the leading edge of the
downstream box) with the increase of the gap length. Both relationships are also directly
proportional to the wind velocity and since the latter can be regarded to the reattachment
point of the flow, additional insight on the flow field around the downstream box can be
provided.
Comparing the shapes of the amplitude C˜p(x*) distributions between the downstream
and upstream boxes for the same wind velocity in a same model, the resemblance between
them can be described by a truncation of the amplitude C˜p(x*) distribution of the down-
stream box, as if the separation point of that box was located somewhere inside the gap.
With the increase of the gap length this truncation is reduced, and both distributions (in
the upstream box and in the downstream box) tend to get similar.
Similarly to Fig.6.42, the amplitude C˜p(x*) distributions for all gap lengths are su-
perimposed in Fig.6.44, for reduced wind velocity U/f.B∗= 7.5, and Fig.6.45, for reduced
wind velocity U/f.B∗= 50. From these two figures, it can be seen that although the patterns
observed in the low reduced wind velocity differ a little from the ones obtained in the high
reduced wind velocity, they can be considered similar.
The first important aspect of these figures is that the values of the peaks in both
heaving and torsional systems follow a linear increasing tendency until a certain value of
gap length is reached. Above that value of gap length, the behavior is changed, assuming
different tendencies in each system. For the lower wind velocity range, the linear tendency
is kept until the gap length of 0.5B∗. For the higher velocity range, this limit is stretched to
1.0B∗.
After those limit values (0.5B∗ and 1.0B∗), the torsional system follows a parabolic
tendency towards the undisturbed value, which is expected to be the same as the one observed
in the upstream box when its influences are ceased. In the heaving motion, before reaching
the undisturbed value, a peak is exhibited and so the values return to an inferior level, where
they stabilize. Fig.6.46 shows these considerations for the reduce wind velocity U/f.B∗= 7.5,
and Fig.6.47 for U/f.B∗= 50.
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(a) Torsion (b) Heaving
Figure 6.44: Superposition of amplitude C˜p(x*) distribution for two-box cross-sections at
reduced wind velocity U/f.B∗= 7.5
(a) Torsion (b) Heaving
Figure 6.45: Superposition of amplitude C˜p(x*) distribution for two-box cross-sections at
reduced wind velocity U/f.B∗= 50
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(a) Torsion (b) Heaving
Figure 6.46: Tendencies of the amplitude C˜p(x*) distribution for downstream box at reduced
wind velocity U/f.B∗= 7.5
(a) Torsion (b) Heaving
Figure 6.47: Tendencies of the amplitude C˜p(x*) distribution for downstream box at reduced
wind velocity U/f.B∗= 50
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With the increase of the reduced wind velocity, torsional and heaving systems show
opposite tendencies for the stable value. While in the heaving system it tends to be located
below the undisturbed value, in the torsional system it is kept above that limit.
This fact confirms that even for gap length as large as 3.B∗, the influences of the gap
on the amplitude C˜p(x*) distribution of the downstream box is quite prominent, both on its
value and on its shape, since the truncation is still remarkable. Nevertheless, for a gap length
larger than 1.5B∗ the effects on the peaks of the C˜p(x*) distributions of the downstream box
tend to get reduced. The critical zone is within the range of 0B∗ and 1.5B∗, where the
influences of the gap are more visible, agreeing with the tendency observed in the phase
difference ψ(x*) distribution of the heaving system, Fig.6.43(b).
6.6.1 Effects of Vertical Plates
The interactions between the effects of vertical plates and slots can be assessed by analyzing
the results reported in Fig.6.9, Fig.6.10, Fig.6.12 and Fig.6.13, considering also the effects of
the vertical plate on the single B/D=20 rectangular cylinder studied in Chapter 5, reported
in Fig.5.29 and reproduced in Fig.6.48.
In Fig.6.48, a vertical plate with size equivalent to the thickness of the rectangular
cylinder was installed at the midpoint of its cross-section, which is the same situation of
Fig.6.9, Fig.6.10, Fig.6.12 and Fig.6.13 if each box is considered as an individual instance.
Firstly, it should be noted that the effects of the vertical plate in the upstream box are
independent of the existence of a vertical plate in the downstream box and of the gap length,
since a comparison between cases 1.0B∗ VL, 1.0B∗ VB, 2.0B∗ VL and 2.0B∗ VB shows
essentially the same configurations of unsteady pressure characteristics for the upstream
boxes in both heaving and torsional systems.
Comparing the resulting unsteady pressure characteristics of these models (1.0B∗ VL,
1.0B∗ VB, 2.0B∗ VL and 2.0B∗ VB) with the ones related to the single box studied in
Chapter 5, Fig.6.48, it is possible to verify that they are virtually the same for the same
reduced wind velocities, for all cases. So the same conclusions obtained in Chapter 5 can be
extended to the upstream box of cases 1.0B∗ VL, 1.0B∗ VB, 2.0B∗ VL and 2.0B∗ VB.
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(a) Torsion
(b) Heaving
Figure 6.48: Unsteady pressure characteristics of case NF-VII-B
As for the downstream box, it was already mentioned that the gap cancels the con-
tinuity tendency from upstream box to downstream box in the phase difference ψ(x*) dis-
tribution. Comparing the cases with and without vertical plate in the upstream box, it is
confirmed that the unsteady pressure characteristics of the downstream boxes are the same
for both configurations, being only slightly dependent on the gap length. Because of that,
it is concluded that a vertical plate installed in the upstream box has minimal influence on
the unsteady pressure characteristics of the downstream box.
So analyzing in a gap length basis the cases with vertical plate installed in the down-
stream box (VB), it is possible to identify that at locations upstream the vertical plate the
unsteady pressure characteristics are comparable to the cases without vertical plate. The
influences of the vertical plate are essentially the same observed in a single box (Chapter 5),
i.e. a ”jump” in the phase difference ψ(x*) distribution and the peaks and ”blockage effects”
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caused by the vertical plate on the amplitude C˜p(x*) distribution. The magnitude of the
”jump” in the phase difference ψ(x*) distribution is comparable to the one observed in the
upstream box and in the single box model. Also, the recovering of the values downstream
the vertical plate can be visualized.
As for the amplitude C˜p(x*) distribution, for both values of gap length the results are
quite similar. However, comparing with the single box of Fig.6.48 some differences can be
identified, mostly in the values of the peaks, which get reduced. Also, the location of the
peak after the vertical plate is moved downstream. This can be related to the impacts of
the oncoming flow on the influences of vertical plates on the amplitude distribution, already
discussed in Chapter 5.
This ”weakening” tendency in the peaks of the amplitude distribution was also observed
in Chapter 5 for vertical plates installed at the midpoint of the downstream half of the
cross-section, i.e. case NF-VI-B reproduced in Fig.6.49. In that chapter, it was observed a
tendency of reduction of the influences of the vertical plate on the amplitude distribution
with the increase of the distance from the leading edge and this tendency agrees quite well
with the phenomenon observed in the cases studied in this chapter.
As a conclusion, it can be understood that the effects of vertical plates on the unsteady
pressure characteristics of two-box girders are similar to what can be observed in single box
girders, both on phase difference ψ(x*) and amplitude C˜p(x*) distributions, qualitatively
and quantitatively. The gap, however, may cancel their effects. Considering that, studies
performed with single box can be extended to two-box girders.
6.7 Conclusion
In this chapter, a study based on wind tunnel tests about the effects of the gap on the
unsteady pressure characteristics of two-box cross-sections was presented. The objective was
to assess the functions of the gap as a geometric singularity, in search of a rationalization
of the relationships between its characteristics and the consequent impacts on the unsteady
pressure characteristics of each box, considering flutter stabilization as main motivation. A
wide range of values of gap length was investigated, including values as small as 0.1B∗ to




Figure 6.49: Unsteady pressure characteristics of case NF-VI-B
of the effects on the unsteady pressure characteristics and to attain an insight about the
aerodynamics, not focusing solely on the design of actual structures.
Since the use of the original Theodorsen function shows itself not to be appropriate
for comparison purposes with two-box cross-sections, an equivalent Theodorsen function
to be used with such a kind a cross-section, which deals with the existence of two plates
in synchronized motion, was proposed and used as benchmark for the analysis developed
herein.
Depending on the way the reduced wind velocity is normalized, different perspectives of
the results are obtained. The normalization in relation to the total width of the cross-section
results in different wind velocities U for the same reduced wind velocity Ur, since every value
of gap length induces a different resulting total width. Because of that, the Reynold‘s number
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effects may change the relationships between the unsteady pressure characteristics from case
to case for the same reduced wind velocity. Since the focus of this study is on the unsteady
pressure characteristics of the individual boxes, it was thought to be convenient to use a
reduced wind velocity normalized by the width B∗ of an individual box, so a comparison
between the unsteady pressure characteristics of the boxes of the different arrangements of
gap length could be established for all velocities tested, in a reduced wind velocity basis.
Primarily, the impact of the gap on the aerodynamic derivatives was related to a reduc-
tion of their absolute values, and the only aerodynamic derivative that showed a considerably
high aerodynamic dependence on variations of the gap length was A∗2. Although the gap
was recognized to induce modifications on the unsteady pressure characteristics of the down-
stream box, the role of the variation of the gap length was regarded mostly to mathematical
effects on the integrals used to calculate the aerodynamic derivatives (Eq.2.52 to Eq.2.59),
with low aerodynamic effects on the unsteady pressure characteristics of the models. This
could be verified by comparing the resulting unsteady pressure characteristics of both up-
stream and downstream boxes among the different configurations of models (in a upstream
box to upstream box and downstream box to downstream box basis).
Based on that, it is concluded that the differences exhibited by the aerodynamic deriva-
tives of different arrangements of gap length are more related to the modifications in the
solidity ratio and in the arm length (in the case of A∗i derivatives) than to the modifications
on the unsteady pressure characteristics themselves. This phenomenon can be caught only
by analyzing the unsteady pressure characteristics, and this fact reinforces the argument that
on the understanding of the effects of the geometric improvements on the flutter stability of
a given cross-section, the focus should be put on the unsteady pressure characteristics, not
directly on the aerodynamic derivatives.
When the gap is associated to other geometric singularities, the numerical tendencies
assumed by the derivatives change drastically, becoming very difficult to be rationalized.
However, from an unsteady pressure characteristics point of view the effects of the presence
of singularities were revealed to be quite simple and rationalizable. The vertical plates induce
modifications similar to the ones observed in the single boxes of Chapter 5, both on phase
difference ψ(x*) and amplitude C˜p(x*) distributions. Such modifications are independent of
the gap length, not modifying neither interfering on the effects of the gap. In this sense, the
gap was found to be dominant in the definition of the unsteady pressure characteristics of the
downstream box, virtually ignoring the modifications induced by a vertical plate installed
in the upstream box, i.e. the unsteady pressure characteristics of the downstream box are
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defined mostly by only the existence of the gap.
In the case of using grating, only some attenuation in the effects of the gap could be
detected. Intermediary configurations between regular downstream box of a two-box cross-
sections and downstream half of single box cross-sections were produced in the downstream
box when grating was installed. So the beneficial effects in terms of flutter stabilization
provided by the use of grating are indeed regarded to the effects of the arm length on the
moment components of the aerodynamic derivatives and to the reduction of the solidity ratio.
Every value of permeability of grating may induce different gradations of this intermediary
state, and deeper studies would be required for the clarification of these relationships.
Although it could be concluded that the flow reattaches at the same position in the
upstream box regardless the model is whether in torsional or in heaving motion, the pressure
measurements of the downstream box revealed fundamental differences between the flow pat-
terns in the wake of the upstream box between heaving and torsional oscillations. However,
a better understanding on these relationships can be only attained with investigations on the
pressure field in the gap, through flow visualization and velocity measurement techniques.
Based on the asymmetry of the influences of each box on the stability of the system, the
use of asymmetrical cross-sections should be considered as good strategy in terms of flutter
stabilization. The characteristics of the site, as preferential wind directions, or even the use
of movable appendages and systems which would be disposed according to the direction of
the wind, may be considered in the proposition of this asymmetry.
The conclusions about the use and the impacts of grating and vertical plates are not
intended to be definitive, neither the impacts of the gap, since only few cases were investi-
gated. They were used with the intention of promoting differences in the unsteady pressure
characteristics in search for rational relationships between them.
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Chapter 7
Concluding remarks
Aerodynamic derivatives have been regarded as essential components for the design of long
span bridges, concerning flutter stability. However, analytical solutions for their precise eval-
uation are still not available, leading designers to resort to experimental techniques in order
to obtain them, i.e. wind tunnel tests. Along the last decades, the relationships between
these empirical coefficients, deck geometry and flutter stabilization have been extensively
investigated, resulting in a sort of considerations that has already been reported. So, op-
timal scenarios in terms of aerodynamic derivatives can be delineated and this knowledge
base has guided the process of fine tuning of the geometry of bridge decks towards flutter
stabilization.
However, this fine tuning process is still surrounded by uncertainties and every new
geometric proposition should be necessarily checked through wind tunnel tests, in order to
assess its impacts on the aerodynamic derivatives and, consequently, on the flutter stability.
These impacts have shown themselves to be not linear and highly sensitive to the location and
to the intensity of the flow separation points, so that direct associations between geometry
of bridge decks and these coefficients have lead to a number of situations still difficult to be
rationalized.
The aerodynamic derivatives are resultant of the unsteady pressure characteristics de-
veloped along the bridge deck and there is a number of techniques used to obtain them em-
pirically. However, most of these techniques are based on ”indirect measurements”, through
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some system identification method which does not provide any information about the pres-
sure distribution along the deck. Obtaining the unsteady pressure distribution through wind
tunnel tests may be difficult and counter-productive, resulting in that alternatives methods
as the measurements of the unsteady forces have been preferred. That is one of the reasons
why the focus has been gradually changed from unsteady pressure characteristics to the
aerodynamic derivatives themselves.
In this study, the geometric modifications imposed on the deck geometry were regarded
as geometric singularities. Through wind tunnel tests, the impacts of some of these geomet-
ric singularities, i.e. vertical plates, slots, gratings and fairings, on the unsteady pressure
characteristics of rectangular cylinders were investigated. As a result, it was found that,
compared to the impacts of these geometric singularities on the aerodynamic derivatives,
their effects on the unsteady pressure characteristics showed a higher degree of linearity and
predictability, being possible to be systematized in semi-empirical formulations.
Based on that, it was concluded that the flutter stabilization problem can be better
assessed through an unsteady pressure characteristics point of view, instead of the aerody-
namic derivatives based approach. So, the main objective of this research was to assess the
feasibility of the development of a design framework based on the direct manipulation of
the unsteady pressure characteristics along the bridge deck, through the use of geometric
singularities, focusing the flutter stabilization.
Firstly, optimal unsteady pressure characteristics, related to flutter proof cross-sections,
were investigated, through flutter analysis and based on the role played by each aerodynamic
derivative on the flutter stabilization mechanism. These optimal unsteady pressure charac-
teristics become the target configurations in the design framework proposed herein, which
should be obtained through the use of the geometric singularities. So, the impacts of the
geometric singularities on the unsteady pressure characteristics were assessed, and strategies
to manipulate them were discussed.
As a main characteristic of these optimal configurations, it was recognized that by
moving the peaks of the amplitude distribution to downstream of the cross-section, the
flutter stabilization is enhanced, provided the values of phase difference related to these
peaks are in the ”stability zone”. In some circumstances, the flow separation may be a good
strategy for flutter stabilization, since it induces a peak on the amplitude distribution and
a ”jump” on the phase difference distribution. Controlling these modifications in a proper
way may bring benefits in terms of flutter stabilization.
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In this sense, two box cross-sections can have their good stability characteristics par-
tially explained, since one of the main impacts of the gap on the unsteady pressure distri-
bution of such a cross-section is the induction of a peak on the downstream half of the deck.
However, the stabilization mechanism was mostly regarded to the effects the gap have on
the pitching moment related aerodynamic derivatives, i.e. A∗i aerodynamic derivatives, due
to the direct impact the gap length has on the arm length of every pressure point in the
integration of the moments which compound these derivatives.
The effects of vertical plates were quite measurable and predictable. The impacts they
have on single box cylinders can be extended to two-box cylinders linearly. The interactions
between the effects of vertical plates and slots on the unsteady pressure distributions were
also rationalizable. Essentially, the effects of vertical plates were proved to be quite linear
and dependent on their locations along the side surface of the cylinder. By referring to how
they impact on the unsteady pressure characteristics is possible to precisely manipulate the
aerodynamic derivatives towards flutter stabilization.
It was demonstrated that if no geometric singularity is introduced in the bridge deck,
its unsteady pressure characteristics will follow their natural tendencies, described by equa-
tions proposed in this thesis. The description of the unsteady pressure characteristics along
the deck was tried by representing the phase difference distribution by a sinusoidal equation
and the amplitude distribution by a Weibull distribution. The approximations provided by
these equations, in terms of aerodynamic derivatives, are reasonable, provided the proper
coefficients are used. In this study, the coefficients used in the equations were obtained
empirically, and because of that further development is required concerning the proposi-
tion of strategies to obtain these coefficients analytically. A remarkable characteristic of
these equations is regarded to the interconnection between phase difference and amplitude
distributions, through the wave length developed along the body surface.
Based on the asymmetry of the influences of each side of the cross-section on the
stability of the system, the use of asymmetrical cross-sections should be considered as a
good strategy in terms of flutter stabilization. The characteristics of the site, as preferential
wind directions, or even the use of movable appendages and systems which would be dis-
posed according to the direction of the wind, may be considered in the proposition of this
asymmetry.
All results reinforce the core idea of this study, i.e. the design of long span bridges
towards flutter stabilization should be conducted by focusing on the unsteady pressure char-
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acteristics developed along the bridge deck. They could be put into equations, whose coef-
ficients show themselves to be rationalizable. The impacts geometric singularities have on
the unsteady pressure characteristics and consequently on these equations are quite linear
and rationalizable, exerting their influences not only downstream their locations but also
upstream, depending on the characteristics of the oncoming flow. With the understanding
of how the unsteady pressure characteristics are changed due to the presence of geometric
singularities, it gets easier to infer the effects of geometric modifications on the aerody-
namic derivatives, through a more rational procedure, reducing the trial and error approach
commonly taken in wind tunnel tests.
So the bridge deck designers can propose the deck geometry by choosing consciously the
geometric singularities, leading the unsteady pressure characteristics of the deck to behave
the way it is necessary: towards to assume characteristics proper for flutter stability.
However, there is still much work to be done. The complete development of such a
framework is a very complex task, and this research was limited to prove the feasibility of
such approach, by using rectangular cylinders as base geometry in a case study-like approach.
The concepts developed herein were proposed in a manner that they can be extended to cover
generic cross-sections, as real bridge decks, in future works.
Future development demands obtaining the coefficients for a wider range of cross-
sections and the proposition of analytical solutions for them. Also, the study of the impacts
of different singularities, as vertical plates with different sizes, guide vanes, perforated vertical
plates, etc, should be assessed and compared with the conclusions of this study.
Although reasonable results were obtained, actually no flow visualization was per-
formed, and all the conclusions about the aerodynamics around the bodies were taken by
considering pressure measurements, theoretical approaches and past experiences. Also, all
test cases were performed with null angle of attack. It is recognized that the angle of attack
has high influence on the unsteady pressure characteristics, changing substantially the pat-
terns of the flow field in terms of size of vortices and reattachment points. So an extension of
this work should be considered, based on flow visualization techniques, with different angles
of attack.
Appendix A
Wind tunnel test – B/D=20
rectangular cylinder with different
leading edges and vertical plate
The wind tunnel tests with the B/D=20 rectangular cylinder were conducted in a room-
circuit Eiffel type wind tunnel, with working section of 1.8m height by 1.0m width. The
model was made of wood and instrumented with 30 equidistant pressure taps, aligned in the
chord direction in the middle of its span, Fig.A.1.
Figure A.1: Cross-section of the B/D=20 rectangular cylinder
The different configurations of leading edges were provided by prismatic bars made of
wood with suitable cross-sections and length correspondent to the span of the model, affixed
with double-face tape to the front face of the rectangular cylinder. The vertical plates were
made of naval wood, with a thickness of 3mm, and were also fixed to the upper surface of
the model by using double-face tapes, Fig.A.2, to be easily removable after each run.
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Wind tunnel test – B/D=20 rectangular cylinder with different leading edges and vertical
plate
Figure A.2: Vertical plates installed on the upper surface of the B/D=20 rectangular cylinder
The pressure measurements were performed according to the procedures described in
Appendix C, in smooth flow with turbulence less than 0.5% through forced heaving/torsional
1-DOF oscillation method. For both motions, the frequency of the forced oscillation was set
to f = 2Hz. The amplitude of oscillation in the torsional system was 2ϕ = 4◦; for the
heaving system it was 2η = 20mm.
For the acquisition of the pressure signals, only 28 channels were available. So the
resulting values of phase difference and pressure amplitude corresponding to the pressure
taps 10 and 19 were interpolated from the neighbors, i.e. from taps 9 and 11 for tap 10,
from taps 18 and 20 for tap 19.
The results, Fig.4.10 to Fig.4.13, are expressed by the amplitude of the unsteady pres-
sures normalized by the dynamic pressure of the flow and by the phase difference between
the maximum relative angle of attack and negative peak of surface pressure, according to
Section 2.2.
Appendix B
Wind tunnel test – Two-box
cross-sections
Similarly to Appendix A, a room-circuit Eiffel type wind tunnel with working section of 1.8m
height by 1.0m width was used in the experiments. The model was made of duraluminium
and instrumented with 28 equidistant pressure taps, 14 in each box, aligned in the chord
direction in the middle of the span, Fig.B.1.
Figure B.1: Two-box cross-section
The gap length in the models was adjusted by a supporting system composed by two
horizontal L-bars with numbered holes at pre-defined positions in each side of the model. For
every value of gap length, two holes marked the position of each box, which were fixed to the
supporting system by a bolt-nut system that compressed the box in a sandwich like fixation
system, Fig.B.2. By adjusting the supporting system to suitable positions, according to the
desired gap length, the various configurations of model could be set, Fig.B.3
The vertical plates were made of naval wood, with a thickness of 3mm, and were affixed
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(a) inside the wind tunnel (b) outside the wind tunnel
Figure B.2: Fixation system
(a) gap length=0.1B∗ (b) gap length=0.5B∗ (c) gap length=1.5B∗
Figure B.3: Two-box with different gap lengths
to the upper surface of the model by using double-face tapes, Fig.B.4, to be easily removable
after each run. As for the gratings, perforated acrylic sheets with opening ratio of 35% were
disposed in the gap in order to cover all the space between the boxes, Fig.B.5.
The pressure measurements were performed according to the procedures described in
Appendix C, in smooth flow with turbulence less than 0.5% through forced heaving/torsional
1-DOF oscillation method. For both motions, the frequency of the forced oscillation was set
f = 2Hz. The amplitude of oscillation in the torsional system was 2ϕ = 4◦; for the heaving
system it was 2η = 20mm.
The results, Fig.6.1 to Fig.6.14, are expressed by the amplitude of the unsteady pres-
sures normalized by the dynamic pressure of the flow and by the phase difference between
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Figure B.4: Vertical plate in two-box cross-section
Figure B.5: Grating in two-box cross-section
the maximum relative angle of attack and negative peak of surface pressure, according to
Section 2.2.
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Appendix C
Wind tunnel test – Pressure
measurements
The acquisition of the pressure signals to be used in the evaluation of the unsteady pressure
characteristics was conducted by using a system arranged according to Fig.C.1.
(a) Calibration (b) Measurement
Figure C.1: Pressure measurement system
The pressure signals were carried from the pressure taps installed in the models,
Fig.C.2, to the ZOC 17 sensor box located outside the wind tunnel, Fig.C.3, through a
set of silicone tubes, Fig.C.4. These tubes were kept as short as possible, in order to min-
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imize the phase lag of the tubing system, regarded as the lag between the pressure signal
arriving in the sensors of the sensor box and the correspondent pressure signal obtained at
the surface the models, i.e. pressure taps.
Figure C.2: Tubing from the model
Figure C.3: Sensor box
This phase lag was estimated in 8◦, through a technique based on the imposition of a
controlled pressure fluctuation inside the wind tunnel test chamber, which was measured by
using two different processes, i.e. the pressure measurement system used in the experiments
and a reference measurement system with no phase lag. In this technique, the pressure
fluctuation at a given location is acquired concomitantly by using the two different systems
and the comparison between them provides the phase lag of the tubing system. For the
reference measurement system, a hot-wire probe was used to acquire the velocity fluctuations
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Figure C.4: Model in the wind tunnel
and the results presented in Chapter 4, Chapter 5 and Chapter 6 already account for this
phase lag.
Concerning the experiments, before every session the equipments should be calibrated.
Basically, this process consisted of imposing a wind velocity in the wind tunnel correspondent
to a static pressure of 10mm H20, measured with a pitot tube, Fig.C.1(a). So the electrical
signals provided by the sensors were verified and, since they were known to behave linearly
in the range of the values used in the experiments, a simple proportionality index to be
used during the measurements, Fig.C.1(b), was generated for each one of them. During
the measurements, the measured values were the pressure differences from the atmospheric
pressure (ATM mode); during the calibration they were referent to the pressure difference
from the static pressure (PS mode).
The pressure signals were normalized by the dynamic pressure, providing non-
dimensionalized values. The values of phase difference ψ(x*) were calculated through their
cross-correlation with the displacements, which were acquired by using non-contact laser
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sensors. All the data was processed and analyzed by using routines developed in Matlab.
Appendix D
Scientific production
• Effects of gap and vertical plates on the unsteady pressure characteristics
of two-box cross-sections. In this study the role played by the air-gap in the defini-
tion of the unsteady pressure characteristics of two-box cross-sections was investigated.
Also, the interactions with vertical plates and the use of grating grids were considered in
the analyses. A modified Theodorsen function to be used as benchmark for the studies
with two-box cross-sections was also presented. All relationshps were proved to follow
linear tendencies, showing themselves to be much more ”predictable” than the effects
on the aerodynamic derivatives.
TREIN, Cristiano Augusto; SHIRATO, Hiromichi - Effects of gap and vertical plates on the unsteady
pressure characteristics of two-box cross-sections. submitted to Journal of Wind Engineering and
Industrial Aerodynamics in September 2009.
• Study on the unsteady pressure characteristics of modified rectangular
cylinders – effects of leading edges and vertical plates. In this study, em-
pirical equations to be used in the estimation of the unsteady pressure characteristics
of rectangular cylinders are investigated, as part of the development of a bridge deck de-
sign framework based on the manipulation of these characteristics. Even modified with
different configurations of leading edges, the phase difference distribution of such a bluff
body could be approximated through a sinusoidal equation, the amplitude distribution
followed a Weibull distribution and both showed themselves to be interrelated through
the wave length developed along the body’s surface. The efficacy of the approximations
could be confirmed through wind tunnel tests. The effects of vertical plates installed at
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different locations along the cylinders‘ side surface on their unsteady pressure charac-
teristics were also investigated, proving themselves to be more linear than the effects
on the aerodynamic derivatives.
TREIN, Cristiano Augusto; SHIRATO, Hiromichi - Unsteady Pressure Characteristics of Modified
Rectangular Cylinders. submitted to Journal of Wind Engineering and Industrial Aerodynamics in
June 2009. awaiting approval.
• Coupled flutter stabilization from the unsteady pressure characteristics
point of view. In this study, coupled flutter stabilization is discussed from the unsteady
pressure characteristics point of view. Based on the role played by the aerodynamic
derivatives, configurations of unsteady pressure characteristics suitable for flutter sta-
bilization, namely optimal unsteady pressure characteristics, are discussed along with
their effects on each aerodynamic derivative. It was found that by moving the peaks of
the amplitude C˜p(x*) distribution to downstream, beneficial effects in terms of flutter
stabilization can be obtained, provided the phase difference is in the stable zone. Con-
trarily, the peaks usually presented at the leading edge of the cross-sections reduce the
flutter onset. The important role played by the aerodynamic derivative A∗1 in the flutter
stabilization is confirmed.
TREIN, Cristiano Augusto; SHIRATO, Hiromichi - Coupled flutter stabilization from the unsteady
pressure characteristics point of view. submitted to Journal of Wind Engineering and Industrial
Aerodynamics on 2009/may/15. awaiting approval.
• On the Unsteady Pressure Characteristics of Modified Rectangular Cylin-
ders. Empirical equations to be used in the estimation of the unsteady pressure char-
acteristics of rectangular cylinders are investigated, as part of the development of a
bridge deck design framework based on the manipulation of these characteristics. Even
by using different leading edges it could be verified that the phase difference distribu-
tion can be approximated by a sinusoidal equation, the amplitude distribution follows
a Weibull distribution and both are interrelated by the wave length developed along the
body’s surface. The efficacy of the formulation could be confirmed through wind tunnel
tests.
TREIN, Cristiano Augusto; SHIRATO, Hiromichi; MATSUMOTO, Masaru - On the Unsteady Pres-
sure Characteristics of Modified Rectangular Cylinders. submitted to Asia-pacific Conference on
Wind Engineering VII – APCWE-VII – on 2009, feb. 25th. Taipei, Taiwan. 2009, Nov. already
accepted.
• Unsteady Pressure Characteristics of Modified Rectangular Cross-sections.
In this study, empirical equations to be used in the estimation of the unsteady pressure
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characteristics of rectangular cylinders are investigated, as part of the development of a
bridge deck design framework based on the manipulation of these characteristics. Even
by using different leading edges it could be verified that the phase difference distribu-
tion of such a bluff body can be approximated by a sinusoidal equation, the amplitude
distribution follows a Weibull distribution and both are interrelated by the wave length
developed along the bodys surface. The efficacy of the formulations could be confirmed
through wind tunnel tests.
TREIN, Cristiano Augusto; SHIRATO, Hiromichi; MATSUMOTO, Masaru - Unsteady Pressure
Characteristics of Modified Rectangular Cross-sections. Proceedings of 1st Open Seminar on Fluid
Sciences. 2008,march18th, Kyoto University, Katsura Campus - Japan
• Investigation of coupled flutter mechanism and Selberg’s formula. The flut-
ter phenomenon is one of the divergent oscillations which directly leads to the failure
of structure. So, the flutter stabilization is one of the most important subjects in the
design of long-span bridge girders. For flutter analysis method, Complex Eigen-Value
analysis is commonly used. Complex Eigen-Value analysis is not enough to discuss
flutter control, while it is enough to discuss flutter stabilization. Then, Step-by-Step
analysis which is based on flutter generation mechanisms was proposed. However some
differences between both solutions have been observed. In Step-by-Step analysis, har-
monic vibration is assumed, however its assumption is disadvantageous. When damping
vibration is assumed and convergence calculations associated to flutter frequency and
damping are carried out simultaneously, both solutions show the good agreement. In
addition, new strategies for flutter control are investigated. And it is clarified that A∗1
is the most important aerodynamic derivative to stabilize the coupled flutter instabil-
ity, considering the mutual relationships of aerodynamic derivatives. Moreover, it is
made a study on Selberg’s formula by Step-by-Step analysis and its elicitation process
is clarified.
Masaru MATSUMOTO; Yasuaki ITO; Hisato MATSUMIYA; *Shinya FUJIWARA; TREIN, Cristiano
Augusto - Investigation of coupled flutter mechanism and Selberg’s formula. The 20th KKCNN
Symposium on Civil Engineering, South Korea, 2007.
• Evaluation of Branch Switching Characteristics in Coupled Flutter through
Revised Step-by-Step Analysis. Branch switching characteristics for coupled flut-
ter of structural rectangular sections are analyzed using step-by-step flutter analysis
(SBSA). Prior to the appearance of coupled flutter instability, the torsional branch
(TB) controls the instability. However, after flutter onset both TB and heaving branch
(HB) coexist, with sudden switching in particular velocity ranges. For lower veloc-
ity ranges, very good agreement can be obtained between conventional Complex Eigen
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Value Analysis (CEVA) and SBS method, but for higher velocity ranges this agreement
cannot be attained. So SBSA is revised, leading to fairly good convergence between both
methods.
TREIN, Cristiano Augusto*; MATSUMOTO, Masaru; ITO, Yasuki; MATSUMIYA, Hisato; FUJI-
WARA, Shinya - Evaluation of Branch Switching Characteristics in Coupled Flutter through Revised
Step-by-Step Analysis. Proceedings of 62a edition of Academic Meeting and National Convention on
Civil Engineering, Japanese Society of Civil Engineering, JSCE 2008/1 monthly issue. Hiroshima,
Japan 2007
• Equivalent Aerodynamic Derivatives and their Influences on Coupled Flut-
ter Instability. Flutter instability is a catastrophic oscillation and its stabilization
is an important issue in the design of long span bridges. In this study, a strategy for
coupled flutter stabilization of long-span bridges is presented. The approach is based on
the reduction of the absolute values of the aerodynamic derivatives A1* and H3*, by
a proper arrangement of multiple bridge girders along the span direction of the bridge,
which was proved effective through wind tunnel tests.
TREIN, C.A*.; MATSUMOTO, M.; ITO, Y.; MATSUMIYA, H.; KIM, G.; FUJIWARA, S. - Equiva-
lent Aerodynamic Derivatives and their Influences on Coupled Flutter Instability. Proc. of Academic
Meeting and National Convention on Civil Engineering, Japanese Society of Civil Engineering - Kansai
Shibu. Osaka, Japan 2007.
• Controlled Aerodynamic Instability Phenomena - An Alternative Approach
for Wind Power Generation Systems. In this study the concept of Controlled
Aerodynamic Instability Phenomena is proposed, as an alternative approach for Wind
Power Generation systems. The concept is based on the idea that aerodynamic insta-
bility phenomena, such as Karman Vortex Shedding, Flutter, Galloping and Buffeting,
can be driven into a useful motion and be used to extract energy from the flow. A case
study using the flutter instability is presented and the concept is proved feasible. By
using a forced torsional oscillation, the heaving motion is induced in a bluff body, so
the energy generated by the heaving motion is estimated by both analytical and experi-
mental processes, converging to the same conclusion. Finally, the results are discussed
and alternatives for future developments are introduced.
MATSUMOTO, M.; TREIN, C*.; ITO, Y.; OKUBO, K.; MATSUMIYA, H.; KIM, G. - Controlled
Aerodynamic Instability Phenomena - An Alternative Approach for Wind Power Generation Systems.
The Nineteenth KKCNN Symposium on Civil Engineering, Japan, 2006.
• Branch switching characteristics of coupled flutter instability. As a bridge
gets longer and slender, one of the main problems that have to be faced is the flut-
ter instability of bridge girders such as the torsional flutter and the coupled flutter.
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Especially, the coupled flutter instability has become the most concerning issue in the
design of long-span bridges, and the precise understanding on its generation mechanism
is indispensable in order to effectively stabilize this divergent oscillation. In this study,
the heaving/torsional 2-DOF flutter analyses and wind tunnel tests are carried out,
focusing on the branch switching characteristics of the coupled flutter using B/D=20
rectangular section. Moreover, the branch co-existing characteristics in flutter onset
velocity range is investigated in detail.
MATSUMOTO, M.; OKUBO, K.; ITO, Y.; MATSUMIYA, H.; TREIN, C.; KIM, G*. - Branch
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